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PREFACE

Paul Knodel, Chief, Geotechnical Services Branch, Division of Research and Laboratory Services, directed the
writing of theEarth Manua) Third Edition, Part 1. Richard Young, Technical Specialist, Geomechanics and
Research Section, authored chapter 1. Amster Howard, Technical Specialist, Field Operations Team, wrote
chapter 3. | drafted chapter 2, along with sections on drilling, excerpted frddmtdeDams Manual

originally written by Robert Hatcher, Division of Geology, and on remote sensing, excerpted from the
Engineering Geology ManualH. Kit Fuller of the U.S. Geological Survey, Reston, Virginia updated the
information on geologic products available from their agency. The Geology Division (Sam Bartlett, Mark
McKeown, and Sandy Kunzer), Construction Division (Pete Aberle), and Embankment Dams Branch (Tom
McDaniels) performed Reclamation technical reviews. These technical reviews were essential in improving the
quality of the product. Robert T. Sirokman was instrumental in obtaining new photographs of construction from
Reclamation Field Offices. Technical editors for this manual were Richard Walters and Lelon A. Lewis.
Monica A. Rodriguez and Sharon S. Leffel formatted it.

Part 2 contains standard procedures for investigating and testing soil materials for engineering design,
construction, and operation and maintenance of water resources structures. Research and development continue
to produce improvements in the knowledge of geotechnical materials and methods in which those materials are
evaluated. Therefore, readers benefit from the latest technologies.

After the publication of Part 2 in 1990, efforts began immediately to update Part 1 of the manual. We realized
that, with such a broad topic area, we could not afford to go into detail as greatly as we would wish on any one
topic. To help alleviate this, a major change to the previous edition is the addition of referenced documents. We
have strived to provide the reader the best citations to find further information. We have also referenced other
Reclamation documents for more information in the subject areas.

The Bureau of Reclamation has a proud history in the construction of major water resources projects. We have
recently broadened our mission to become a water resources management agency. This new direction signals a
change from the era of project development. During restructuring in the mid-1990s, the agency witnessed the
retirement of hundreds of engineers, technicians, and inspectors. We hope that this manual will stand to
document the knowledge gained through the efforts of many of these individuals. The third edition is dedicated
to all of those in Reclamation who have participated in these great earthwork endeavors. | know that I, for one,
am eternally grateful to my companions in the Bureau of Reclamation, for | have learned so much about
geotechnical engineering.

Jeffrey A. Farrar

Earth Sciences Laboratory
Bureau of Reclamation



PREFACE TO THE SECOND EDITION

The purposes of the Second Edition remain essentially the same as those which prompted the First Edition, as
described in the latter's Preface. Constantly changing concepts of soil mechargeglenced by new research
technigues and ideas, innovations in construction methods and equipment, and computer-generated solutions to
previously insurmountable soils-analyses problemake mandatory this Second Edition. To improve its
readability and provide for the new material, the Manual has increased in size as those familiar with the First
Edition will recognize.

The contributors to the Manual have held important the need for uniformity in terminology, so that all
personnekfield and office alike speak the same language. Much effort has been expended to achieve
consistency of terms in the text and the 39 designations or procedures that comprise the appendix. This may be
noted especially in the material on soil classification, and methods of logging and reporting; and types and
methods of field explorations and investigations, and the tools and equipment required to obtain the desired
information.

Although the Manual is primarily geared to the Reclamation organization, engineers and technicians of other
governmental agencies, foreign governments, and private firms can, with modifications, utilize the information
as a guide to their individual investigations, control of earth construction, and laboratory testing since emphasis
is upon practical applications rather than upon complex theory. Users of the Manual should recognize that
certain recommendations and values are the result of experience and cannot always be mathematically proved,
nor should one attempt to. The Manual has been written as a guide and aid for the construction of a safe and
stable structures with utmost concern for the safety of lives.

New material, not covered in the First Edition, includes material on: stabilized soils (soil-cement and asphaltic
concrete), more complete information on field investigations and testing equipment in both chapter 2 and
designation E-2, an expanded discussion on pipelines, and a newly developed designation, E-39, titled,
"Investigations for Rock Sources for Riprap," which describes investigative and reporting procedures. In
addition to the conversion factors in the First Edition, conversion curves are included to facilitate the increased
utilization of metric units.

Major revisions center on designation E-16, which has been rewritten and retitled, "Measurement of Capillary
Pressures in Soils," and designation E-17, "Triaxial Shear of Soils," which has been rewritten to conform to
advanced developments in the procedure. Introduced in E-17 is the "Triaxial Shear Test with Zero Lateral
Strain" referred to in modern soil mechanics texts as giedt, which now can easily be performed through the
use of the electronic computer.

Since the "Rapid Compaction Control" method, designation E-25, is being used extensively in 35 foreign

countries as well as the United States, reorientation of the text material has been made for presenting the material
in a manner more readily adaptable to both field and office use. More recently (1970), Australia has been
granted permission by the Commissioner, Bureau of Reclamation, to incorporate the "Rapid Compaction

Control" method in the Australian standards, "Testing Soils for Engineering Purposes.” Designation E-12 has
similarly been reoriented for ease in performing the relative density test in cohesionless soils.

Designations E-27 through E-35 covering "Instrument Installations" have been revised and updated to reflect
changes in equipment and materials, techniques in installation procedures, and to clarify some of the methods of
reading and reporting of data. To be commended are those dedicated field personnel who recognize
inconsistencies or problems in the field related to "instruments" and who so often resolve the problems
on-the-job. Reflected in these designations are many of their recommendations which have been offered
unselfishly.



While environmental and ecological problems are major concerns of the Bureau of Reclamation, space and time
limitations cause exclusion of discussion of views and policies regarding these highly important design
considerations. It still remains the responsibility of each planner, investigator, designer, and constructor to
consider these problems in his work.

There are occasional references to proprietary materials or products in this publication. These must not be
construed as an endorsement since the Bureau cannot endorse proprietary products or processes of manufacturers
or the services of commercial firms for advertising, publicity, sales, or other purposes.

Indicative of the monumental task involved in the preparation of this Second Edition is that some 90
persons-engineers, technicians, and those of other disciplifiesn the Bureau of Reclamation at its

Engineering and Research Center, Denver, Colo., constructively contributed to the content in some measure.
The efforts of these people, some of whom are internationally acknowledged, are greatly appreciated.

Special recognition is given to H. J. Gibbs, Chief, Earth Sciences Branch, Division of General Research, and F.
J. Davis, Supervisory Civil Engineer Hydraulic Structures Branch Division of Design and Construction, for
authoring much of the technical material, for their technical advice, and for their overall guidance. In addition,
recognition is made of engineers C. W. Jones, W. Ellis, R. R. Ledzian, G. DeGroot, and P. C. Knodel, and
technician R. C. Hatcher, all of the Division of General Research, and engineer W. W. Daehn of the Division of
Design and Construction for their major contributions. Because illustrations are invaluable to a publication,
recognition must be made to R. E. Glasco and Mrs. H. Fowler for their patience, guidance, and help in
obtaining illustrations of the highest quality.

This Second Edition was edited and coordinated, and supplemental technical information and illustrations
provided by H. E. Kisselman, general engineer, Technical Services and Publications Branch.

Vi



PREFACE TO THE FIRST EDITION

The need for an up-to-date formal edition of the Bureau of Reclamakanils Manualbecame evidenced by the
many printings of the June 1951 tentative edition. More than 6,000 copies of that edition were distributed, and a
worldwide demand for the publication contindes.

The tentative edition was a combination and revision of three early manuals; namé&grtthaterials
Laboratory Test ProceduresheField Manual for Rolled Earth Damsand theEarth Materials Investigation
Manual In the present formal edition, tEarth Manualhas been completely rewritten and contains much
material not covered in the earlier edition.

The manual provides current technical information on the field and laboratory investigations and construction
control of soils used as foundations and materials for dams, canals, and many other types of structures built for
Reclamation projects in the United States of America. It contains both standardized procedures that have been
found desirable for securing uniform results throughout the Bureau, and general guidelines intended to assist but
not to substitute for engineering judgment.

Chapter | describes the Unified Soil Classification System developed jointly by the Bureau of Reclamation and
the Corps of Engineers, Department of the Army, from the system proposed by Professor A. Casagrande of
Harvard University, and discusses the various properties of soils relating to engineering uses. Investigations of
soils are covered in chapter Il which describes the various stages of investigation corresponding to the stages of
development of the Bureau projects, and gives technical information necessary for planning and executing
explorations and for presenting the results.

Chapter Il presents information on the control of construction from the soils standpoint, for both foundation
treatment and compaction control of fills. In addition to a general treatment of the subject applicable to all types
of earthwork, separate sections are devoted to problems of rolled earth dams, canals, and miscellaneous
construction features. For each of these, information on design features and usual specifications provisions are
given to provide control personnel with a background to assist in implementing the recommended control
techniques.

The appendix contains detailed procedures for sampling, classification, and field and laboratory testing of soils.
Instructions for installing and obtaining information from instruments that measure pore-water pressures and
displacements within and adjacent to earth embankments are also included. A tabulation of conversion factors
commonly used in earth construction is included at the end of the appendix.

The appendix contains laboratory test procedures which are used in both the project laboratories and the central
Bureau laboratory, and some of the more complex test procedures which are performed only in the central
laboratory. The first group is presented for use by all Bureau laboratories, so that uniformity of test results will
be obtained. The second group is presented for the purpose of recording the test procedures used in the central
Bureau laboratory, so that the results of these tests, which are often contained in published reports, can be
properly understood and interpreted.

Although the basic test procedures are standardized, it is emphasized that soil testing does not lend itself to strict
standardization as normally applied to such construction materials as concrete, steel, and asphalt. Tests on soils
must be carried out in such a way that natural conditions and operational conditions are fully accounted for

during the test. In a simple test as for gradation determinations, the standard procedure may not take into
account particle breakdown that may occur during excavation and compaction. Therefore, the test procedure

lSince the tentative edition, 28,000 copies of the first formiéibacand its revised reprint (first printing) have been printed and distributed.
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may require changes to provide "as constructed" gradation data. The compaction and other properties of some
soils may be changed by drying and rewetting. In such cases, the field construction conditions must be taken
into account during the test.

When variations from standard procedures are required, the variations must be described when reporting results,
so that proper interpretations can be made. The exact procedures to be used for consolidation and shear tests
normally require considerable judgment to assure that natural and operational prototype conditions are being
duplicated as closely as possible. For this reason, the basic procedures presented for these two tests are merely
guides and the details of actual test procedures used are covered in individual reports.

There may be instances in which the procedures and instructionsBartheManualare at variance with

contract specifications requirements. In such cases, it should be understood that the specifications take
precedence. It is also pointed out that each employee of the Bureau is accountable to his immediate supervisor
and should request advice concerning any doubtful procedure.

Unless otherwise noted, the terms and symbols used Eaittle Manualconform to those given in ASTM
Designation D-653-58T, "Tentative Definitions of Terms and Symbols Relating to Soil Mechanics," ASTM
Standards 1958, part 4, page 121 1. These terms are also given in Paper 1826, "Glossary of Terms and
Definitions in Soil Mechanics," Journal of the Soil Mechanics and Foundations Divisions, ASCE, October 1958.

Some of the exploratory and test procedures in chapter 11 and in certain of the designations which are applicable
to the investigations, design, and construction of small earth structures have also been included in the publication
"Design of Small Dams," recently published (1960).

The Earth Manualrepresents the joint efforts of many engineers and technicians over a period of many years
covering the preparation of the tentative edition, its three predecessor publications, and this first formal edition.
The present edition (including the revised reprint) was prepared by engineers in the Earth Dams Section, Dams
Branch, Division of Design, and the Soils Engineering Branch, Division of Research, in Denver, Colo., under
the direction of Chief Engineer B. P. Bellport and his predecessors.

Major writing was performed by F. C. Walker, J. W. Hilf, and W. W. Daehn of the Earth Dams Section; and

W. G. Holtz and A. A. Wagner of the Soils Engineering Branch. Contributing writers were F. J. Davis, E. E.
Esmiol, H. J. Gibbs, and C. W. Jones. The draft was reviewed and helpful suggestions submitted by geologists
and engineers in various other branches of the organization. Principal among these were W. H. Irwin, A. F.
Johnson, H. G. Curtis (deceased), and C. E. McClaren. The contributions of these individuals, as well as those
of the many other engineers and technicians who contributed in various ways to the publication, are gratefully
acknowledged. The draft was edited and coordinated by J. W. Hilf, and final review and preparation for
publication was performed by E. H. Larson, Head, Manuals and Technical Records Section, Technical and
Foreign Services Branch.

There are many references throughout the text to the Assistant Commissioner and Chief Engineer and the Office
of Assistant Commissioner and Chief Engineer. For expediency these references were not changed in the reprint
to agree with recent organization changes (February 1963), and they should be interpreted as meaning Chief
Engineer and Office of Chief Engineer, respectively. References to the Commissioner's Office, Denver, should
also be interpreted as meaning the Office of Chief Engineer.

viii
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Chapter 1
PROPERTIES OF SOILS

A. ldentification and Classification

1-1. General.—Most soils are a heterogeneous After the war, Reclamation began using the system, which
accumulation of mineral grains that are not cementeded to the modifications agreed upon in 1952.
together. However, the term "soil" or "earth" as used in
engineering includes virtually every type of uncemented orFrom 1952 to 1986, the system required minor
partially cemented inorganic and organic material in thechanges-particularly in presenting information in written
ground. Only hard rock, which remains firm after logs. Most changes were documented in Reclamation's
exposure, is wholly excluded. In the design andEarth Manual(1st and 2d eds.) and in written efitives,
construction of foundations and earthwork, the physical andvhile some changes were taught in Reclamation training
engineering properties of soils, such as their density,courses without formal documentation.
permeability, shear strength, compretigihand intelaction
with water, are of primary importance. In 1984, American Society for Testing and Materials
(ASTM), with encouragement and participation of several
A standard method is used for identifying and classifyingU.S. Government agencies (including Reclamation),
soils into categories or groups that have distinct engineeringeevaluated the Unified Soil ClagsHtion Sysem. New
characteristics. This enables a common understanding afata and philosophies [3, 4] resulted in revised ASTM
soil behavior just by knowing the classification. Written standards, which modified the 1952 system. Reclamation
exploration records (logs) as shown on figure 1-1 containadopted the new standards with only slight modifications.
soil classifications and descriptions; they can be used to:
While the soil classification system has evolved over many

e Make preliminary estimates. years, soil classifications and descriptions recorded at any
e Determine the extent of additional field investiga- pointin the past must remain valid, because they were based
tions needed for final design. on information available at that time. Therefore, earlier
¢ Plan an economical testing program. logs and past descriptions must not be changed to conform
e Extend test results to additional explorations. to current standards.
For final design of important structures, visual soil 1-3. Current Classification System. —The Unified

classification must be supplemented by laboratory tests t&oil Classification System has been through several
determine soil engineering properties such as permeabilitytransitions since it was developed. The current version used
shear strength, and compressibility under expected fieldby Reclamation went into effect January 1, 1986. The
conditions. Knowledge of soil classification, including classification system is described in Reclamation's testing
typical engineering properties of various soil groups, isprocedures USBR 5000 and 5005 {5]These procedures
especially valuable when prospecting for earth materials oare similar to ASTM D 2487 and D 2488 [6]; the ASTM

investigating foundations for structures. standards may be used in place of Reclamation procedures.
The basics of the system may be mastered by studying and
1-2. Unified Soil Classification System. —In 1952, completing exercises in the Geotechnical Branch's Training

the Bureau of Reclamation (Reclamation) and the U.S.Manuals Nos. 4 and 5 [7, 8]. They are well-prepared, self-
Army Corps of Engineers, with Professor Arthur instructing manuals that progress from simple to more
Casagrande of Harvard University, reached eigrent on  difficult topics. Reclamation has standard formats for
modifications to his "Airfield Classification System" and written logs of test pits and auger holes. Uniformity of data
named it: Unified Soil Classification Syste(WSCS) [1]* presentation results in consistency and completeness, which
During World War II, Professor Casagrande developed theenables efficient review of large numbers of logs. Format
"Airfield Classification System" for categorizing soils based

on engineering properties related to airfield construction [2].

1 Numbers in brackets refer to bibliography. 2 See bibliography [5] regarding numbered USBR procedures.
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a6 A ation LOG OF TEST PIT OR AUGER HOLE HoLE no. . EXAMPLE
FEATURE PROJECT
AREA DESIGNATION Spillway Foundation GROUND ELEVATION 1234.7 ft
COORDINATES N 1111 € 2222 METHOD OF EXPLORATION __backhpoe
APPROXIMATE DIMENSIONS g by 12 ft LOGGED 8Y —
DEPTH WATER ENCOUNTERED 1/ _NONE  paTe DATE(SI LOGGED 1-25 to 1-76, 198h
CLASSIFIC % PFLUS 3 in
GHOUAPTION (BY VOLUME!}
SYMBOL CLASSIFICATION AND DESCRIFTION OF MATERIAL 3. | 5. lrrus
,,,{,,:f:mm SEE USBR 5000, 5005 b - 1.:
CL 0.0 to 4.3 ft LEAN CLAY: About 90% fines with medium plasti-
in-place | city, high dry strength, medium toughness; about 10% predomin-
unit antly fine sand; maximum size, coarse sand; no reaction with
weight HCT.
three IN-PLACE CONDITION: Firm, homogeneous, moist, reddish-brown
sack '
samples In-place dry unit weight and moisture from test at 3.0 to
3.7 ft: 112.0 1bf/ft3, 11.7%.
Three 50-1bm sack samples taken for testing from 18-inch-wide
sampling trench for entire depth interval on east side of
trench. Samples were mixed and quartered.
4.3 ft
SC 4.3 to B.2 ft CLAYEY SAND WITH COBBLES: About 55% coarse to
fine, hard, subrounded sand; about 35% fines with medium plas-
ticity, medium toughness; about 10% coarse to fine, hard, sub-
rounded gravel; weak reaction with HC1.
TOTAL SAMPLE (BY YOLUME): About 5% 3- to S5-inch hard, sub- 5
rounded cobbles; remainder minus 3 inch; maximum dimension,
100 mm,
IN-PLACE CONDITION: homogeneous, moist to 7.4 ft, wet
7.4 to 8.2 ft, gray; some mica present.
B.2 ft
REMAAKS. Date Depth to water
01-31-86 8:30 7.4 ft
* Test pit backfilled before stable water 01-31-86 1:30 5.2 ft
Jevel could be determined 01-31-86 5:00 4.7 ft*

Figure 1-1.—Typical soil exploration log.
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guidelines are given in Geotechnical Branch Training visual and manual tests in the field. However, in the USCS

Manual No. 6 [9]. They should be adhered to as closely asystem, the method of classification must be stated, whether

possible; however, every situation cannot be coveredit is based on visual observations or on laboratory tests.

Therefore, when preparing a log, the object is to present as

complete and as clear a description as possible. Unique factors must be realized when comparing the USCS
system with other classification methods. First, the USCS

The Soil Classification Handboo}9] also contains charts, is based only on the particles passing a 75-mm (3-in) sieve

forms, and illustrations useful in soil classification. opening. While particles larger than 75 mm are not used to
classify soil, they are of great importance in engineering use
1-4. Basis of Unified Soil Classification of a soil in earthwork. Therefore, cobbles and boulders are

System. —The USCS is based on engineering properties ofincluded in USCS names, and they are fully described in the
a soil; it is most appropriate for earthwork construction. narrative portion of field logs.
The classification and description requirements are easily
associated with actual soils, and the system is flexibleSecond, silt and clay are differentiated by their physical
enough to be adaptable for both field and laboratory use. behavior and not by their particle size. Other classification
systems define silts and clays as having specific particle
The USCS is a method for describing and categorizing a soisizes with silts being the larger particle size. As a system
within a group that has distinct engineering properties.based on engineering properties, the USCS is concerned
Upon recognizing a USCS symbol of a classification grouponly with plasticity characteristics of the fines and not the
or understanding the description, one can immediatelyparticle sizes.
deduce the approximate permeability, shear strength, and
volume change potential of a soil and how it may be affected 1-5. Gravel, Sand, Silt, and Clay. —The relative
by water, frost, and other physical conditions. Also, usingamounts of gravel, sand, and fines; the plasticity
soil classification symbols can assist a contractor incharacteristics of the fines (silglay, or both); and the
estimating excavation and compaction characteristicspresence of cobbles and boulders all affect the soil's use as
potential dewatering situations, and workability. a construction material. These characteristics also affect
selection of laboratory and field tests to be performed on the
The USCS is based on: (a) the distribution (gradation) ofsoil.
various particle sizes, and (b) the plasticity characteristics of
very fine particles. Particle-size distribution is determined Gravel particles are those passing a 4.75-mm (3-in) sieve
from a gradation analysis test. In this test, soil is dried andbut retained on a 4.75-mm (No. 4) sieve. Sand particles
then shaken through a series of sieves having progressivelgass a 4.75-mm sieve and are retained on a 75-um
smaller openings. The soil mass retained on each sieve iNo. 200) sieve. Fines are soil particles that pass a 75-um
measured, and the percentage that passes the differeateve; they are further characterized as silt or clay, based on
openings can be calculated. The gradation analysis test ikheir plasticity.
discussed in part B of this chapter. Plasticity characteristics
of the fines (particles that pass a U.S.A. Standard 75-um a. Gravel and Sand—Gravel and sand have
[No. 200] sieve and smaller) are determined by performingessentially the same basic engineering properties, differing
the Atterberg limits tests. These tests are performed tanainly in degree. The division of gravel and sand sizes by
determine the moisture content of a soil when in a liquid, the 4.75-mm sieve is arbitrary and does not correspond to
plastic, semisolid, or solid state. The tests are discussed ian abrupt change in properties. When devoid of fines,
part B of this chapter. coarse-grained soils are pervious, easy to compact, and little
affected by moisture or frost action. Although particle
Gradation analysis data are used to determine percentages stiape, angularity, gradation, and size affect the engineering
gravel, sand, and fines in a soil; Atterberg limits are used tgproperties of coarse-grained soils, gravels are generally
determine whether the fines are silt or clay. The four basianore pervious, more stable, and less affected by water or
soil types are: gravel, sand, silt, or clay. Because soil caffrost than are sands containing the same percentage of fines.
contain all of these components, the classification system is
used to describe the major components; for example, clayeys a sand becomes finer and more uniform, it approaches
sand with gravel, sandy silt, or silty clay with sand. The the characteriics of slt, with corresponding decreased
percentages and behavior of each component can bpermeability and reduced stability in the presence of water.
determined from laboratory tests or they can be estimated byisually, very fine sands are difficult to distinguish from
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silts. However, dry sand exhibits no cohesion (does notompressibility. For similar conditions of previous geologic
hold together) and feels gritty in contrast to the very slightloading, the higher the liquid limit of a silt, the more
cohesion and smooth feel of dried silt. compressible it becomes.

b. Silt and Clay (Fines)—In soils, small amounts of Clays are plastic fines. They have low resistance to
fines may have important effects on engineering propertiesdeformation when wet but dry to hard, cohesive masses.
As little as 10 percent of particles smaller than the 75-umClays are virtually impervious, difficult to compact when
sieve size in sand and gravel may make the soil virtuallywet, and impossible to drain by ordinary means. Large
impervious, especially when the coarse grains are welexpansion and contraction with changes in water content are
graded. Also, in well-graded sands and gravels, seriousharacteristic of clays. The smalkes flat shape, and
frost heaving may be caused by less than 10-percent finesnineral composition of clay particles combine to produce a
The utility of coarse-grained materials for surfacing roads, material both compressible and plastic. The higher the
however, can be improved by adding a small amount of clayiquid limit of a clay, the more compressible it will be when
to act as a binder for the sand and gravel particles. compacted. Hence, in the Unified Soil Classification

System, the liquid limit is used to distinguish between clays
Soils containing large quantities of silt and clay are the mosof high compressibility and those of low compressibility.
troublesome in engineering. These materials exhibit markedDifferences in plasticity of clays are reflected by the
changes in physical properties with change of moistureplasticity index. At the same liquid limit, the higher the
content. For example, a hard, dry clay may be suitable aplasticity index, the more cohesive the clay.
a foundation for heavy loads as long as it remains dry, but
may turn into a quagmire when wet. Many fine-grained ¢. Organic Matter.—T he effect of organic matter upon
soils shrink on drying and expand on wetting; this mayengineering properties is recognized in the USCS, and
adversely affect structures founded upon them ororganic soils are part of the classification system. Organic
constructed of them. Even when moisture content does nanatter in the form of fully or partly decomposed vegetation
change, the properties of fine-grained soils may varycan be found in many soils. Varying amounts of finely
considerably between their natural condition in the grounddivided vegetable matter afeund in se@nents and often
and their state after being disturbed. Fine-grained soilsaffect sediment properties sufficiently to influence their
having been subjected to loading in geologic time, classification. Thus, the USCS recognizes organic silts
frequently exhibit a structure that gives the material uniquehaving no or low plasticity and organic clays having
properties in the undisturbed state. When soil is excavatethedium to high plasticity. Even small amounts of organic
for use as a construction material or when a natural deposinhatter in colloidal form in a clay may result in an
is disturbed, for example, by driving piles, soil structure is appreciable increase in liquid limit (and plastic limit) of the
destroyed, and soil properties are radically changed. material without increasing its plasticity index.

Silts differ from clays in many respects, but because ofGenerally, organic soils are dark gray or black in color and
similarity in appearance, often they are mistakenegch usually have a characteristic decaying odor. Organic clays
other. Dry, powdered silt and clay are indistinguishablefeel spongy in the plastic range when compared to inorganic
from each other visually but are easily identified by their clays. The tendency for soils high in organic content to
characteristics when wet or moist. Recognition of fines aform voids through decay or to change the physical
having either silt or clay behavior is an essential part of thecharacteristics of a soil mass through chemical alteration
Unified Soil Classification System. makes them undesirable for engineering use. Soils
containing even moderate amounts of organic matter are
Silts are slightly plastic or nonpkis fines. They are significantly more compressible and less stable than
inherently unstable when wet and have a tendency tdnorganic soils; hence, they are less desirable for
become "quick" when saturated and unconfined, assumingngineering use.
the character of a viscous fluid, and commonly flow. Silts
are fairly impervious, difficult to compact, and highly 1-6. Cobbles and Boulders.— While particles of
susceptible to frost heaving. Silt masses undergo change abck retained on a 75-mm (3-in) sieve are not considered
volume with change of shape (the property of dilatancy), inwhen classifying a soil according to the USCS, they can
contrast to clays, which retain their volume with change ofhave a significant effect on the construction use of a soil and
shape (the property of plasticity). Silts vary in size andmay need to be removed. The presence of cobbles and
shape of particles; this is reflected mainly in boulders musalwaysbe noted in the group name of a soll
and in any description of the soil. Cobbles pass a 300-mm
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(12-in) square opening but are retained on a 75-mm sieve.  61-percent clayey fines, LL = 37, Pl = 16; 33-percent
Boulders are too large to pass a 300-mm square opening. fine to medium sand; 6-percent gravel-size pieces of
Note that for engineering use, the definitions of cobbles and  shale.
boulders refer only to size. Some other definitions consider
particle angularity. Other examples are in USBR 5000 and 5005 [5] and training
manuals Nos. 4, 5, and 6 [7, 8, 9].
For soils that may be used in compacted embankments or
compacted backf, cobbles must be identified as being The same fanat apfies to other materials not considered
larger or smaller than 125 mm (5 in) in diameter, as ato be natural soils, but which are used in construction such
typical compacted layer of cohesive soil is restricted toas sandstone, crushed rock, slag, cinders, and shells.
about 150 mm (6 in) in thickness. The maximum particle
size allowed in the congoted layer is 125 mm. Thus, For some matéals, the laboratory processing required to
particles larger than 125 mm must be removed or separatedest the material as a soil may be significantly different than
Logs and soil descriptions must state the percentage othe processing at the project site using construction
cobbles smaller than and the percentage larger thaequipment. The differences must be considered when
125 mm. This topic is discussed in chapter 2, section 17evaluating the material for construction. Test sections are
Logging of Exploratory Holes. often used as a final evaluation of whether to accept or
reject these materials.
1-7. Shale, Crushed Rock, and Slag. —The USCS
can also be used for describing materials such as shale, 1-8. Soil Composition. —In addition to soll
siltstone, claystone, mudstone, sandstone, crushed roclglassification, knowledge of the mineralogy and origin of
slag, cinders, and shells. These materials are nasoils can aid in evaluating the behavior of a soil. While silt
considered natural soils but they can be used as constructigrarticles and sand-size pates are generally
materials. equidimensional, clay particles are very small and are flaky,
or platelike, as shown on figure 1-2. As clay gaments
In some cases, materials variously described as shalef soils become more predominant, the clay mineral
claystone, mudstone, or siltstone can be excavated witltharacteristics assume great importance. Soil properties
construction equipment and then broken down using diskingsuch as consistency, shear strength, and moisture content
or other methods into a material that can be used tare directly influenced by the mineral constituents of the
construct embankments or other earthworks. In theclay. When soils are fairly moist, clay particles are
laboratory, these materials can be processed into a "soil" bgurrounded by water films. As dehydration takes place, the
grinding or slaking. They can then be classified accordingfilms become thinner and thinner until adjacent particles are
to the USCS to evaluate their properties as a constructioheld together by strong cohesive (capillary) forces. As soils
material. However, these materials shawtlbe primarily are wetted, the films become weaker. Film strength also is
classified or described as soil because that is not theirelated to the fineness and specific surface of the material
natural state. and to compactness (density) which influences size of void
spaces.
To avoid misinformation, any log, report of laboratory test
results, or description(s) must identify the original material The mineralogic clays in soils affect their physical behavior.
as shale, claystone, etc. However, in the description offwo groups of clay minerals are of particular inter¢ke
material properties, a USCS soil classification symbol andkaolin group and the montmorillonite group. The kaolin
name may be used. The classification is secondary, and thainerals have fixed crystal lattices or layered structure and
symbol and name are to be enclosed in quotation marks texhibit only a small degree of hydration and absorptive
distinguish them from a typical soil classification as shown properties. In contrast, montmorillonite minerals have
in the following example: expanding lattices and exhibit a higher order of hydration
and cation absorption.
SHALE CHUNKS: Retrieved as 50- to 100-mm pieces
of shale from power auger hole; dry, brown; no Montmorillonite soils, with their expanding lattice structure
reaction with HCI. After a sample was laboratory and resulting capacity for wide ranges of water contents, can
processed by slaking in water for 24 hours, the samplébe particularly troublesome. Settlement from shrinkage,
was classified as "SANDY LEAN CLAY (CL)— heave from swelling, and loss of strength and stability
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Figure 1-2.—Clay kaolinite particles (1 x« = 0.001 mm).

caused by shrinkage or swelling can create major structuralvorked to allow breakdown and consolidation of the loose
problems. These problems are greatly magnified in the casstructure. Generally, these soils have high dry strengths
of hydraulic structures. created by a well dispersed clay binder. Major wind-blown
loess deposits are found in the Plains States of Kansas and
The clay mineral halloysite, illustrated on figure 1-3, can Nebraska and can be found in other areas. Loessial soils
cause construction problems. Typically, itis a hollow, rod- form high vertical faces that are stable as long as the water
shaped particle and decreases soil density. The soil changesntent is low. However, upon wetting, strength is largely
engineering behavior as its structure changes because @dst and slope failures occur. Similarly, lo@$ssoils
particle breakdown during drying or construction and thesupport heavy structural loads on footings or pilings when
irreversible process of water being removed from inside thedry; however, they lose their bearing capacity and resistance
tubal particles. to compression when their loose structure collapses upon
becoming wet.
The presence of mica in soils causes a highly compressible
material. The thin, flaky particles act like springs that Certain alluvial fan soil deposits such as those adjacent to
separate other soil particles, thus creating low densities anthe southwestern foothills of the Central Valley of California
also deforming under load. This occurrence is especiallyhave similar characteristics. When dealing with hydraulic
important in sands containing mica. engineering works, where the subsoils will eventually
become saturated, it is imperative to recognize these soils’
Many low-density deposits are found in the arid and characteristics and to take precautionary measures to
semiarid parts of the United States. These soils arémprove them before constructing structures on them.
unsaturated deposits of loose, wind-deposited loess aniany engineering problems associated with the effects of
loess-like soils or colluvial and alluvial soils deposited by mineralogy and origin are discussed later in more detail in
flash runoffs, often in the form of mudslides. In none of this manual.
these situations have the soils been completely wetted or
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Figure 1-3.—Halloysite particles (1« = 0.001 mm).

B. Index Properties of Soils

1-9. General .—Engineers are continually searching a limited area, having similar index properties, will exhibit
for simplified tests that will increase their knowledge of similar engineering properties; however, correlations
soils beyond that which can be gained from visual between index properties and engineering properties are not
examination without having to resort to the expense, detail perfect. If index properties are used in design, a liberal
and precision required for engineering properties testsfactor of safety should be included.

These simplifiedindex testsor physical properties tests

provide indirect information about engineering properties of 1-10. Terms and Units of Measure .—The terms

soils; the most widely used are gradation analyses andnd units of measure used here follow.

Atterberglimits tests. Both tests define the limits of the

various groups of soils when using the USCS. a. Mass.—Mass the amount of matter an object
contains, remains constant even if temperature, shape, or

Moisture content and density relationships are commonlyother physical attributes of the object change. The object's

used as index properties in evaluating foundations and fomass does not depend on local gravitational attraction and is

construction control. Other index tests include: independent of the object's location in the universe. The
output or reading fromany type of balance or scale is

e Laboratory penetration resistance needle tests ommass-not weight. Typical units of mass are gram (g) or

compacted specimens kilogram (kg) and pound mass (lbm).
¢ Field penetration resistance tests with split-tube drive
samplers b. Density.—Densityis mass per unit volume. The

 Unconfined compression tests on undisturbed orsymbol for density is the lowercase Greek letter rho,
compacted samples of fine-grained cohesive soil  Units of density are megagram per cubic meter (Mg/m2) and
pound mass per cubic foot (Ibm/ft3).

Data secured from index tests, together with descriptions of
visual observations, are often sufficient for design purposes  ¢. Weight—Weight is the gravitational force that
for minor structures. This information is used also in causes a downward acceleration of afjecb Units of
making preliminary designs for determining probable costweight are the same as units of force: newton (N) and
of a major structure and to limit the amount of detailed pound force (Ibf).
testing. An assumption is that construction materials within

7
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d. Unit Weight.—Unit weight is weight per unit  which particle sizes are plotted logarithmically with respect
volume. The symbol for unit weight is the lowercase Greekto percentage (by dry mass) of the total specimen plotted to
letter amma,y. Units of unit weight are kilonewton per a linear scale (fig. 1-4).
cubic meter (kN/m3) and pound force per culiaot
(Ibf/ft3). Certain terms and expressions are used when referring to a

gradation curve. A particular dreter of paticle is

e. Percentage and Decimal Use.—Certain terms indicated byD with a numeric subscript that corresponds to
pertaining to soil properties are customarily expressed as & point on th&urveequivalent to the percentage of particles
percentage, whereas others are usually expressed @assing. On figure 1-4,,equals 0.075 mm. This means
decimals. For example, degree of saturat®nroisture 10 percent, by dry mass of soil, is composed of particles
content W), and porosity 1f) are commonly written in smaller than 0.075 mm. The 10-percent si2g 6ize) is

percentage as: also called the "effective" grain size. This term was
introduced by Hazen [10] in connection with his work on
S= 85.6%,w = 16.2%, anch = 34.3% sanitary fiters. Hazen found that sizes smaller than the

effective grain size adfcted the fuationing of filters as
Conversely, void ratiog) and specific gravity G) are much or more than did the remaining 90 percent of sizes.

expressed in decimals as: Other sizes, such &, D, andDg, are also used in filter
design. The sizd3,,, D,,, andDg, are used in defining the
e= 3.52, and5,= 2.76 gradation characteristics of a soil. The gradation curve is

used to designate various soil components by grain size.
To avoid confusion in computations involving these
guantities, a simple rule should be followed: Always A soil is said to bavell gradedwhen a good representation
express guantities as a decimal in all computations. Thef all particle sizes existdrom the largest to the smallest.
answers can be given as percentagesvided the percent A soil is considered to bpoorly gradedif an excess or a

sign is used, as shown in the following example. deficiency of certain particle sizes occurs within lihats
of the minimum and maximum sizes or if the range of
Given: predominant sizes falls within three or less consecutive
vy = 113.2 Ibf/f§, w = 16.2%,G, = 2.76, and sieve-size intervals on the gradation curve. A poorly graded
n= 34.3%. soil is calleduniformif all the particles are about the same
size. When there is an absence of one or more intermediate
Find the degree of saturatio§, sizes, the material is said to havgag or skip gradation.

WG 0162 x 276 To determine whether a material is well graded or poorly
S = s = = 0343 = 0.8560r 8% 1-1 graded, coefficients describing the extent and shape of the
n : gradation curve have been defined as follows and illustrated

1-n 1-0343 on figure 1-4:
1-11. Gradation .—Gradation is a descriptive term that . ) . Dso
refers to distribution and size of grains in a soil. It is Coefficient of uniformity, C, = D 1-2
determined by the gradation analysis of sdiland is 10
presented in the form of a cumulative, grain-size curve in
. (Dy)?
Coefficient of curvatureC, = ——— 1-3
3 . ) i . . ) D,, x D
5325: Performing Gradation Analysis of Gravel Size Fraction of 10 60
Soils.
5330: Performing Gradation Analysis of Fines and Sand Size
Fraction of Soils, Including Hydrometer Analysis. To be well graded, a matar must have a coaffient of

Wet g?e?,i Performing Gradation Analysis of Soils Without Hydrometer o, ryature between 1.0 and 3.0: in addition, the coefficient
5345: Performing Gradation Analysis of Soils by the Bottom of uniformity must be gmer than 4.0 for gravels and )
Withdrawal Test Method. greater than 6.0 for sands. If one or both of these criteria
(Numbered f . ¢ elated soll § arenotsatisfied, the soil is poorly graded. A poorly graded
Numbered footnotes refer to groups of related soil testing procedures, as; ; . e ;
described in Part 2 of tligarth Manual Each footnote lists the soil testing Soil having a coefficient of unifonity of 2.0 or less is

procedures in a group by their USBR designations.) uniform [11].
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SIEVE ANALYSIS
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Figure 1-4.—Gradation plot.

A soil sample may be divided into parsalled A number of different upper-size limits are frequently used
fractions—based on grain size. For example, in constructionin appraising soils. The workability of a soil is often
control of earthwork, soil is frequently divided into two affected appreciably by the largest soil particles present.
fractions using the U.S.A. Standard 4.75-mm sieve (No. 4).Important upper-size limits for various applications are:
The fraction finer than the 4.75-mm sieve (the minus

4.75-mm fraction) is called theontrol fraction and the

fraction coarser than the 4.75-mm sieve (the plus 4.75-

mm fraction) is called theversize



EARTH MANUAL

U.S.A. Standard Series
Sieve Size

Application

300 mm 12 inch

125 mm 5inch

Sand, gravel, and cobble fill;
division between cobbles and
boulders

Impervious rolled fill

molded and formed without cracking or rupturing the soll
mass. In this condition, it is referred to as being plastic.

Plasticity is an outstanding characteristic of clays and is
used to identify and classify clayey soils.

In 1911, a Swedish soil scientist, A. Atterberg, developed
a series of hand-performed tests for determining the clay
activity or plasticity of soil [12]. These tests are known as

7 inch il classification, large-scal L . .
5mm 3 inc Soll classification, large-scale the Atterberg limitstests. The series of tests is common to
laboratory testing, division . . e .
between gravel and cobbles engineering classification of soil.
4.75 mm No. 4 sieve Most laboratory testing, The consistency of a soil can go through four stages:
division between sand and
gravel 1. liquid,
_ o 2. plastic,
425 um No. 40 sieve Atterberg limits test 3. semisolid, and
) - i 4. solid.
75 um No. 200 sieve  Division between fines and

sand .
The stages are related to moisture content. Although the

L . , . . transition between stages is gradual, test conditions have
Use of gradation in determining engineering properties iSpeqan arpitrarily established to delineate the moisture content

limited to coarse-grained materials. In poorly graded,q 5 precise point in the transitions between the four stages.
uniform materials, permeability increases approximately asrpase moisture contents, which are determined by oven-

the square of the effective grain size J10]. For such drying procedures, are called the:
materials, compressibility is normally small except for in ’

very fine sands. Shear strength consists almost wholly of
internal friction and is more or less independent of grain
size. Uniform materials are generally workable; that is,
they are easily excavated and compacted. As the range in

sizes of coarse-grained soils increases: As the tests are performed only on the soil fraction that

passes the U.S.A. Standard 425-um (No. 40) sieve, the
relation of this fraction to total material must be considered

when determining the state of the total material from these
tests.

e liquid limit,
e plastic limit, and
e shrinkage limit.

e permeability decreases,
e compressibility decreases, and
e shear strength increases.

Workability of well-graded soil is good. The significance of the limits and their relation to the phases

. i ) ) of a soil-water system can be explained by referring to
Amount anq plasticity .of fines |anueng§ th.e properties qf figures 1-5 and 1-6. As a very wet, fine-grained soil dries,
coarse-grained materials. Permeability is reduced withy"naqses progressively through different phases. In a very
increasing quantity of finesrapidly with a small quantity et condition, the mass acts like a viscous liquid, which is
and at a slower rate with a large quantity. Compressibility.eferreq to as the liquid state. As the soil dries, a reduction
and shear strength are affected only slightly by small, \,o1yme of the mass takes place that is nearly proportional
percentages of fines in coarse-grained soils, but the effecty, ihea |10ss of water. When moisture in a soil is at a value

increase with increase in fines. equivalent to the liquid limit, the mass becomes plastic.

1-12. Atterberg Limits .—The physical properties of | jquid limit, LL, is that moisture content (expressed as a
most fine-grained soils, and particularly clayey soils, arépercentage of the dry mass of soil) when the soil first shows
greatly affected by moisture content. The consistency of & gmall but definite shear strength as moisture content is
clay may be very soft, that s, a viscous liquid; or it may beygqyced. Conversely, with increasing moisture, liquid limit

very hard, having the properties of a seléépending on its s that moisture content when the soil mass just begins to
moisture content. In between these extremes, clay may be

10
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Stages of consistency

N
Sohd [Semisolid
stote | stote Plastic state Liquid state
Range indicated by )
the plasticity index (PI)
PI = LL-PL
SL PL LL
Moisture content increasing -
Figure 1-5.—Consistency limits.
PHASES OF A SOIL —WATER SYSTEM
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Figure 1-6.—Phases of a soil-water system.

11




EARTH MANUAL

become fluid under the influence of a series of standard W - PL
blows, as outlined in USBR 5350 and 5355. L= —» ~ 1-4
Pl
As moisture content is reduced below the liquid limit, the
soil mass becomes stiffer and will no longer flow as aliquidity index is a useful indicator of the behavior of a
liguid. However, it will continue to be deformable, or fine-grained soil when sheared. If liquidity index is less
plastic, without cracking until the plastic limit is reached. than zero (negative), soil at natural moisturié exhibit
brittle stress-strain behavior if sheared. If liquidity index is
Plastic limit, PL, is that moisture content (expressed as abetween zero and one, soil at natural moisture will behave
percentage of the dry mass of soil) when the soil masdike a plastic. If liquidity index is greater than one, soil at
ceases to be plastic and becomes brittle, as determined bynatural moisture will act like a viscous liquid when sheared
procedure for rolling the soil mass into threads 3 mm[14].
(1/8 in) in diameter. Plastic limit is always determined by
reducing the moisture content of the soil mass. Relative consistencyC,, is the ratio of the difference
between liquid limit and natural moisture content to the
As the moisture content of soil is reduced below the plastiglasticity index:
limit, the soil becomes a semisolid; that is, it can be
deformed, but considerable force is required and the soil LL
X N S -w
cracks. This condition is referred to asamisolid state C = — 1-5
As further drying takes place, the soil mass will eventually Pl
reach asolid state when further volume change (shrinkage)
will not occur. Moisture content under this condition is
calledshrinkage limit SL. This is the moisture content at If moisture content of a soil in its natural state, or in place,
which a reduction in moisture will not cause a decrease iris greater than the liquid limit (relative consistency less than
the volume of the soil mass. Below the shrinkage limit, soilzero), any process of remolding will transform the soil into
is considered to be a solid; that is, most particles are in verg thick, viscous slurry. If natural moisture content is less
close contact and are very nearly in an arrangement whicthan the plastic limit (relative consistency greater than one),
will result in the most dense condition. the soil cannot be remolded [15].

In most fine-grained plastic soils, plastic limit will be Soils may be grouped according to their liqlirdits and
appreciably greater than shrinkage limit. However, for plasticity indexes on a plasity chart as shown on
coarser fine-grained soils (soils containing coarteasd figure 1-7. Such plots can be useful in predicting properties
fine sand sizes), the shrinkage limit will be near the plasticof soils by comparing with similar plots for tested soils (see
limit. The shrinkage limit, together with other indexes, is fig. 1-8).
useful in identifying expansive soils [13].

As an index of engineering properties, soil plasticity applies
Plasticity index P, is the difference between the liquid and only to fine-grained soils. The variation of engineering
plastic limits, and represents the range of moisture contenproperties is generally related to the four zones on the
over which soil is plastic. (See figs. 1-5 and 1-6 and theplasticity chart (fig. 1-7), which determines the soil
plasticity chart on fig. 1-7.) Silts have low or no plasticity classification group. For soils plotting above the "A" line,
indexes, whereas clays have higher indexes. Plasticitpermeability is very low. Compressibility increases with
index, in combination with liquid limit, indicates how increasing liquid limit. For the same liquid limit, the
sensitive a soil is to change in moisture content. greater the plasticity index, the greater will be the shear

strength at the plastic limit.
Liquidity index LI, is the ratio of the difference between
natural moisture content and plastic limit, - PL, to the 1-13. Porosity and Void Ratio .—In evaluating a
plasticity index, PI: soil, either the amount of solids contained in a given volume
or the remaining voids can be considered. Many of the
computations in soil mechanics are simplified by considering
the voids rather than the solids. Two expressiposysity
4 andvoid ratio, are used to define the void space. Porosity,

5350: Determining the Liquid Limit of Soils by the One-Point n, is the ratio (expressed as a percentage) of space in the

Method. soil mass not occupied by solids (volume of voids) with

5355: Determining the Liquid Limit of Soils by the Three-Point . oo .
Method. 9 a Y respect to total volume. Void ratie, is the ratio of space

12
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Figure 1-7.—Plasticity chart.

not occupied by solid particles (volume of voids) to the excavating the material becomes more difficult. At a given
volume of solid particles in a given soil mass. Thesemoisture content, the compactive effort must be increased

relationships are expressed as follows: to obtain a decrease in porosity. However, similar
properties may be obtained in different soils at widely
n - ﬁ __ e different conditions of porosity. Engineering properties of
V, 1+e 1-6 a soil do not vary directly with its porosity; the relationship

is complex.

Vv, n
€= v - 1-n 1-7 1-14. Specific Gravity .—In investigating a soil, the

s most easily visualized condition involves the volume

occupied by soil solidsy,, the volume occupied by water,

where: V,, and the volume occupied by aV,, in the soil mass
(fig. 1-9). However, most measurements are more readily
n = porosity expressed as a percentage obtained by mass. To correlate mass and volume, the
e = volume of voids to volume of solid particles specific gravityfactor is required. Sgmific gravity is
V, = total volume defined as the ratio between the density of a substance and
V, = volume of voids the density of water at 4C. Several different types of
V, = volume of solid particles specific gravity are in common use. Reclamation uses

apparent specific gravity and several types of bulk specific
Porosity and void ratio areneasures of thetate or gravities. These values are obtained using methods outlined
condition of a soil structure. As porosity and void ratio in USBR 5320: Determining Specific Gravity of Sdils
decrease, engineering properties of a given soil become
more dependable with decreases in permeability and
compressibility and an increase in strength. As porosity
decreases, and, consequently, the void ratio decreases,

° 5320: Determining Specific Gravity of Soils.
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Figure 1-8.—Typical relationships between the liquid limit and the
plasticity index for various soils.

Apparent specific gravityG,, is determined on soil particles where:

as they occur naturally. Voids that exist within grains and
cannot be filled with water are referred to as "impermeable
voids." Apparent specific gravity ranges from 2.50 to 2.80
for most soils, with a majority of soils having an apparent
specific gravity near 2.65. Unless specifically stated to the
contrary, "specific gravity" (in this manual) is assumed to
mean the "apparent specific gravity." It is used to compute
many important soil properties involving volume
determinations such as porosity, void ratio, and degree of
saturation as shown in the following equations:

e = volume of voids to volume of solid particles
n = porosity expressed as a percentage

s = degree of saturation

W = moisture content

V, = volume of voids

V, = volume of solid particles

V, = total volume

V,, = volume of water

yq = dry density

Y. = density of water at 4C

Bulk specific gravity(specific mass gravity)G,, is the

\%
n-1 -1 _"
Vt YwGa
1-8
e:&fl—YWGafl
Vs Yq 1-9
V w G
S-—-— 1-10
Vv, e
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specific gravity having the permeable or surface voids of the
particles filled with water. This value is smaller than the
value determined for apparent specific gravity unless there
are no permeable voids within the particles. The bulk
specific gravity, saturated surface dry, of aggregate
(sand and gravel) is used for concrete mix design and also
for quality tests for riprap and rockfill materials. The bulk
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Volume Density Mass

Figure 1-9.—Relationship between air, water, and solids in a soil mass.

specific gravity of gravel particles may be determined on acontrol of moisture often represents an important part of the
wet, surface-dry basis, where permeable voids may not betructure's cost and may considerably influence the
entirely filled with water. Bulk specific gravity (wet surface construction procedures used. Therefore, it is essential that
dry) is used in alin situ density testing procedures. Bulk the moisture content of a soil be determined, recorded, and
specific gravity (ovendry) is, in effect, the minimum dry reported in conjunction with all investigations, tests, and
density of all particles distributed throughout the entire or construction control work. Moisture content is an important
effective volume of particles; that is, both impermeable andfactor in formulating designs, and the requirements for
permeable voids associated with individual particles in themoisture are delineated in most specifications for
ovendry condition are included in the volume determination. construction. Regarding materials or ufaation
It is the smallest value of the different specific gravities. investigations, descriptive terms such as dry, moist, and wet
may provide sufficient information to decide whether to use
As an index test, specific gravity is somewhat indicative ofa given material. In all tests and in construction control
the durability of a material. Materials having low specific procedures, a quantitative determination of moisture content
gravity are likely to break down and change properties withis required. Moisture content is determined by a particular
time whereas, high specific gravity materials normally dotesting proceduré.
not deteriorate rapidly. The test is applicable primarily in
evaluating coarse-grained materials and riprap or rockfill
materials.

1-15. Moisture Content .—Moisture contentw, is 6 . . _ ,
defined as the ratio (expressed as a percentage) of mass ,% ho53300. Determining Moisture Content of Soil and Rock by the Oven
water to mass of soil S_OlldS._ MOIStUI’? (water) is _th_e MOSt  5305: Determining Moisture Content of Soils Using the Moisture
influential factor affecting soil properties. Also, it is the Teller Device.
principal factor subject to change either from natural causes bf5d31g therg'”'hg Moisture Content of Soils Using the Calcium
- : . : arbide Reaction Device.
or at the discretion of the engineer. In soil used as 5315: Determining Moisture Content of Soils by the Microwave

construction material or as encountered in foundations, theyen method.
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Note that moisture content is expressed as a percentage of
the dry mass of soil. Because moisture content is measured,,, - Wi, Wl ., cp |
in terms of mass, it is independent of the volume occupied "1 100 100 "1 100

by the soil mass; that is, moisture content does not change

whether material is in a loos¢age or in a densetae. 1-11
Drying a soil specimen to a constant dry mass at a

temperature of 110C (see USBR 5300) is accepted as awhere:

standard method for determining moisture content. P,, P,, P, = percent of each sizedction in total
Occasionally, however, soils are encountered for which this material, %

procedure is not valid; then, special methods are required. w;, W, , w, = moisture content of each size fraction,
Soils containing organic matter, an appreciable amount of %

soluble solids, or unusual clay minerals such as halloysite or 100 = constant representing the total
allophane require special treatment. Sometimes, ovendrying materials, %

causes irreversible changes in soil properties; therefore,
ovendried materials should not be used in laboratory test&ngineering properties change so much with moisture

unless specifically required. content that it is used primarily to assist in interpreting other
index properties. Primarily, moisture content is used to
a. Optimum Moisture  Content—In 1933, evaluate soils in their natural state, both as foundations and

R.R. Proctor [16, 17, 18, 19] showed that the dry densityas construction materials sources.
of a soil obtained by a given compactive effort depends on
the amount of water the soil contains during compaction. 1-16. Density and Unit Weight .—Mass or weight of
He pointed out that, for a given soil and a given compactivea unit volume of soil is an easily determined property.
effort, there is one moisture content that results in aConsequently, density and unit weight are basic parameters
maximum dry density of the soil, and that moisture contentso which all other performance claaterigics are related.
both greater and smaller than this optimum value will resultRelationships between density, unit weight, and other soil
in dry densities less than the maximum (see fig. 1-10c). Agroperties-as a rule-are complex, but in engineering
early as 1934, moisture content at maximum dry densitypractice, simple relationships are assumed to exist. A large
was termedoptimum moisture contentw,, by other number of qualified expressions are in common use for
investigators of soil compaction [20]. As defined for density or unit weight. To avoid confusion, the kind of
Reclamation work, optimum moisture content is based ondensity or unit weight reported must be clearly delineated.
the compactive effort for the standard laboratory compactiorGenerally, density is used in laboratory testing and
test described in USBR 5500. Figure 1-11 shows the construction control; unit weight is used in engineering
variation of optimum moisture content when compactive analysis and design.
effort is varied from the standard [21].
a. In Situ Unit Weight.—The soil's unit weight as it

b. Absorbed Moisture.—Absorbed moisture is that on exists in a natural deposit, at any particular time, is the in-
saturated surface-dry particles. Depending upon moisturglace or natural unit weight. It can be determined either by
conditions in a soil containing gravel-size pads, measuring the mass and volume of an undisturbed sample of
sufficient moisture may not always be available for the material or by measuring the mass of material removed from
gravel to take up the maximum amount. The actual amouna hole of known volume. In-place density is calculated from
of absorbed moisture is determined by separating the gravehass and volume and then converted to unit weight. In-
from the other soil particles and determining the wet and dryplace unit weight is used in engineering computations such
mass of the gravél. as:

If a soil has been separated into fractions by sieving, e slope stability,
average moisture content of the total material, (in e bearing capacity,
percent) may be calculated by: e settlement analyses, and
e determining earth pressures.

In some soil types, sufficient correlations exist between in-
. place unit weight and compression characteristics so that
Rammer and 18-in Drop. f dati f imol be desi db d
8Determining Unit Weight of Soils In-Place by the Sand Replacement oundations for simple structures may_ e eSIQne, gse
Method in a Test Pit. only on those data and a knowledge of in-place unit weight

! 5500: Performing Laboratory Compaction of Sebs5-lbm
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in the foundation under consideration. The in-place or e. Relative Density.—Soils consisting almost
natural unit weight can be expressed as a wet or dry uniéxclusively of coarse-grained particles (e.g., sands and
weight. gravels), when compacted by impact according to
procedures outlined for determining laboratory maximum
b. Wet Unit Weight.—The unit weight of the solid dry unit weight, have unit weight-moisture content
particles and the contained water is called wet unit weightrelationships that correlate poorly with other properties.
Ywer It includes-but is not restricted tein-place unit  Furthermore, compaction curves are erratic; often they do
weight. The method for its determination and its applicationnot produce a definable maximum unit weight. To evaluate
is the same as that previously described in "In gitit such soils, relative densit{p,) procedures consisting of
weight" three independent laboratory and field determinations have
been developedl.
c. Dry Unit Weight.—Dry unit weight is the normal
expression for unit weight of soil. It is regarded as a fixedWhen shear strength of coarse-grained soils is correlated
quantity independent of moisture content unless compactivevith unit weight in the range between minimum and
effort is apftied to the soil to change it. Dry unit weight, maximum index unit weights, a fairly reliable relationship
Y4 iS computed from wet unit weight;,,., and moisture  exists. With a reasonable amount of construction control,

content using the following: a given type and amount of compactive effort can be
expected to produce a related relative density. In practice,
Yy = _ Ywet a relative density of 70 percent or greater is satisfactory for
1+ W 1-12 most conditions. However, special analyses of sands and
100 gravels may be required to assess liquefaction potential in
zones of high earthquake probability. While several
where: different relationships for expressing the relative
W = moisture content density exist, the original and the one now generally used is
vs = dry unit weight to express relative densitp,) in terms of void ratio using
Yuer = Wet unit weight of solid particles plus contained the following:
water
€rax ~ €
d. Laboratory Maximum Dry Unit Weight.—Dry unit Dy = (ﬁ) 100 1-13
weight—produced with Reclamation's standard compactive max min

effort at optimum moisture conters called the laboratory
maximum dry unit weight. Test procedures are performed

on the soil fraction that passes the U.S.A. Standard 4.75Where:
mm (No. 4) sieve, according to procedures outlined in Dy
USBR 5500, which provides a compactive effort of e void ratio in place

600 kN-m/ni (12,375 ft-Ibf/ff). Figure 1-10c shows the €nax = Void ratio in loosest state

variation in laboratory maximum dry unit weight for several €, = Void ratio in densest state

soil types. Figure 1-11 shows typical compaction curves of

various compactive efforts expressed in terms of number oRRelative density may also be expressed in terms of dry unit
standard blows per layer of soil. The maximum density andveight as follows:

relative density expressed as a percentage

the optimum moisture content vary with the compactive
effort. When the first laboratory compaction test procedurey = Ydmax | Yd = Yamin 1-14
was developed, the compactive effect used was similar to Ya | Yamax — Yamin

the compactive effort of the construction equipment used to
compact soils in the field. As construction equipment got
heavier, additional procedures using various compactive
efforts were developed. Reclamation has maintained a
single standard. However, Reclamation may specify
percentages of the maximum density and deviations from

optimum moisture for various types of earthwork 5525: Determining the Minimum Index Unit Weight of
construction Cohesionless Soils.
’ 5530: Determining the Maximum Index Unit Weight of Cohesionless
Soils.
7250: Determination of Percent Relative Density.
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where: Equation 1-15 gives theoretical dry unit weight of total
yq4 = dry unit weight in place material for different percentages of plus 4.75-mm (plus
Yamax = dry unit weight in densest state No. 4) particles of a given specific gravity assuming that
Yamin = dry unit weight in loosest state each plus 4.75-mm particle is surrounded by minus

4.75-mm material. The equation is meaningless for
Figure 1-12 shows a chart from which relative density maypercentages of plus 4.75-mm material for which the unit
be determined if the maximum index, minimum index, andweight of plus 4.75-mm material corresponds to greater than
in-place or compacted-fill dry unit weights of a material are 100-percent relative density of the plus 4.75-mm material
known. Figure 1-12 also shows the maximum andwhen considered alone (fig. 1-14). This occurs at about 70
minimum index dry unit weights for a variety of sands andto 80 percent of plus 4.75-mm material, depending on
gravels. Figure 1-13 shows the variation of maximum andgradation and on sgific gravity. For plus 4.75-mm
minimum index unit weights as various percentages ofcontents above about 30 percent, studies have shown
gravel were added to a sand [22]. compacted dry unit weight of soil in the field is less than the

theoretical dry unit weight although, for many soils,

f. Compacted-Fill Unit Weight—The soil's unit  compaction is not seriously affected until the percentage of
weight as it is compacted into a constructed fill is called theplus 4.75-mm material rises to about 40 or 50 percent. For
compacted-fill unit weight to distinguish it from in-place unit these soils, the usual assumptions of correlation between dry
weight of a foundation or any of the various unit weights unit weight and other soil properties are not true. For such
determined in the laboratory. Usually, it is expressed as droils used in fill, special tests must be made. Figure 1-14
unit weight, although wet unit weights are used to some(and fig. 6 in USBR 551%) illustrates elationships of
extent. The compacted-fill unit weight may be determinedvarious dry unit weights of mixtures of plus 4.75-mm and

by any one of a number of test procedures. minus 4.75-mm materials [24].

Compacted-fill unit weight is used primarily for construction 1-17. Penetration Resistance .—

control to ensure that compacted fill is at least as dense as

assumed in preparing designs. a. Soil Plasticity.—In 1933, R.R. Proctor developed a

simple instrument called a "soil-plasticity needle" that could
If a cohesive soil contains an appreciable quantity ofbe used to correlate moisture content-dry density
coarse-grained particles retained on the U.S.A. Standardelationships of soils used in congttion [18]. He noted
4.75-mm (No. 4) sieve, an adjustment must be made in théhat for a given compactive effort upon a given soil, a curve
compacted fill dry unit weight. The thedoatl dry unit could be developed relating the penetration resistance of a
weight of total material, plus 4.75 mm and minus small rod (needle) with the soil's moisture content.
4.75 mm, comparable to the laboratory maximum dry unit
weight, is computed using the following [23]:

_ 1
N
+ = 1-15
Yw C:’m Yq
where:
G,, = bulk specific gravity (oven dry) of plus 4.75- 10
mm fraction 5515: Performing Laboratory Compaction of Soils Containing
- ; Gravel.
P = percentage of plus 4.75 r.nm material to total 7205: Determining Unit Weight of Soils Ind®le by the Sand-Cone
material (dry mass basis) expressed as 8&pethod.
decimal 7206: Determining Unit Weight of Soils In-Place by the Rubber
v, = theoretical dry unit weight of total material Ballon Method. o o ,
. . . . 7215: Determining Unit Weight of Soils Inde by the Sleeve
Yo = dry unit weight of minus 4.75-mm fraction Method.
Y. = unit weight of water at4C 7220: Determining Unit Weight of Soils Inde by the Sand

replacement Méibd in a Test Pit.

7221: Determining Unit Weight of Soils Ind®le by the Water
Replacement Mébd in a Test Pit.

7230: Determining Unit Weight and Moisture Content of Soils In-
Place Nuclear Moisture-Density Gauge.
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Figures 1-10b and 1-11 show penetration resistance plottedot dependable. This approximate method of controlling
as ordinate versus moisture content as abscissa. The cureempaction, called the "needle-density test,” has now been
begins with a rather high penetration resistance at a point oreplaced by the rapid method of construction control*test.
the compaction curwvedry of optimum moisture content.
Then, penetration resistance decreases rapidly and almost b. Penetration Test.—The standard penetration f@st
uniformly to a rather low value at a point wet of optimum is used in foundation exploration to indicate relative density
moisture content. From there, the decrease in penetratioof in situ cohesionless soils and may be used to estimate
resistance is gradual to zero near the liquid limit. Theunconfined compressive strength of cohesive soiksitu
curve's straight line part, where penetration resistanc&he test is performed using a standard sampler and a
decreases rapidly, is normally the useful part of the curve standard sampling procedure. The sampler is at least 840
mm long, has a constant 50-mm outside diameter, and a
The penetration resistance test is described in USBR 8505. constant 35-mm inside diameter (33 by 2 by 1n).
The test was formerly used to compare the resistance (of Renetration resistance is measured on the basis of the
specimen compacted according to the standard laboratorgumber of blows of a 64-kg rammer dropped 762 mm
procedure) to the compaction achieved in the fill at the sameequired for a sampler penetration of 305 mm (140 lbm at
moisture content. ~ When fill material contained an 30 in for 1 ft). The range in which these data are best
appreciable amount of plus 4.75-mm particles, the test wainterpreted extends from a lower limit of 5 to 10 blows per

1 5505: Determining Moisture Content-Penetration Relationships of 12 7215: Performing Penetration Resistance Testing and Sampling of
Fine-Grained Soils. Soils.
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305 mm to arupper limit of 30 to 50 blows per 305 mm. the graph in this manner, penetration resistance is plotted
It is applicable only to nonlithified soils including fairly against depth; relative density is determined according to the
clean sands and gravels smaller than about 103#im)(at relative density zone in which the point is plotted. More
a variety of moisture contents and in saturated or nearlyecently, additional laboratory chamber tests were
saturated fine-grained soils. Soil deposits containingperformed by the Corps of Engineers, and their work
appreciable gravel content cannot be tested reliably becausmnfirms the relationships shown on figure 1-15 [25, 26].
of the sampler bearing directly on gravel particles, damage
to equipment, and possible plugging of the samplerThe relative consistency of saturated fine-grained soils can
barrel-all of which result in high blow count values. be estimated by the standard penetration test. As the values
Deposits containing coarse gravebbbles, orboulders  obtained for these soils are only qualitative, table 1-1 and
typically result in penetration refusal and damage tofigure 1-16 can be used to provide an approximate
equipment. Data from this test require interpretation byevaluation of a soil.
experienced practitioners and should take into account:

1-18. Unconfined Compressive Strength .—The

e soil type, internal friction component of undrained shear strength for
e moisture content, fine-grained soils in a saturated or nearly saturated state is
e methods of drill hole advance, usually small. A compression test made without benefit of
e ground-water conditions, and confining pressure is assumed to provide an index of the
e purpose for performing the test. available undrained shear strength of a soil that will be

somewhat conservative. A variety of equipment has been
Figure 1-15 shows the relationship of blow count to relativedeveloped for making the tests. The devices range from
density. Figure 1-15a is a relationship determined fromsimplified equipment and proceduresom which test
chamber testing of clean sands in the laboratory underesults are of value only as an index-testrather complex
various overburden pressures. The tests were performed agguipment and test procedures that provide reliable data on
fine to coarse sands containing less than 5-percent fines; thisngineering properties.  The unconfined compressive
relationship is not applicable to sands containing more tharstrength of a soil is the strength of a cylindrical specimen
10-percent fines or those containing gravel particles. Thegmaximum axial load divided by cross-sectional area) tested
relationship is converted to a more convenient form, onin compression with the lateral pressure equal to
figure 1-15b, for use in analyzing field data. The graph'satmospheric or zero gauge pressure.
vertical pressure scale can be converted to a depth scale by
estimating the in-place wet density of soil. For tests below  1-19. Soluble Solids .—The quantity of soluble solids
the water tablejn situ submerged density must be used, present in a soil may be an important factor when
taking into account thbuoyant effect of water, that i8) considering the suitability of a soil for the foundation of a
situ wet density of the soil minus density of water. Using hydraulic structure or for constructing embankments. The

Table 1-1.—Relationship between consistency, unconfined compressive
strength, and penetration resistance, N

Unconfined compressive Penetration

Consistency Field identification strength, g, , ton / ft? resistance, N
Very soft Easily penetrated several inches by fist Less than 0.25 Below 2
Soft Easily penetrated several inches by thumb 0.25t0 0.5 2to 4
Medium Can be penetrated several inches by thumb with 0.5t01.0 4t08

moderate effort
Stiff Readily indented by thumb but penetrated only with 1.0to 2.0 81to 15
great effort
Very stiff Readily indented by thumbnail 20to 4.0 15to 30
Hard Indented by thumbnail with difficulty Over 4.0 Over 30
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quantity of soluble solids is determined using the procedureThe kinds of soluble minerals present in a soil or carried by
described in USBR 5458. The effect of soluble solids on groundwater are important when considering the type of

an earth structure depends on: cement to be used in constructing concrete structures in

contact with soil. The aggressive substances which affect

e Temperature, concrete structures are the sulfates of sodium, magnesium,

e Minerals present in the soil and their solubility and calcium. The relative degrees of attack on concrete by
characteristics in water, sulfates from soil, groundater, and other substances are

¢ Coefficient of permeability and, thus, the amount of discussed in ReclamationConcrete Manual27]. Soluble

water passing through the soil, minerals present in soil and groundwater must be

e Chemical characteristics of the water, and determined by chemical analyses. The presence of

e Other factors. appreciable quantities of soluble minerals indicates that

engineering properties may change in the presence of
Therefore, the percentage of soluble solids is only anpercolating water.
indication of possible effects. Soluble solids are more
objectionable in materials having moderate to high
permeability than in soils with low permeability.

C. Engineering Properties

1-20. General.—In evaluating a soil, the transition most commonly listed soil engineering properties are
is gradual between those properties that serve only as broagirength, volume change, and permeability. In addition, but
guides to the character of material and quantitativeless clearly defined, are such characteristics as deterioration
properties which define specific performance characteristics and workability for which quantitative evaluation is invalid.
For example, moisture content and dry density are at times
used as index properties and at other times used aSelecting samples and specimens for both index and
engineering properties. The importance of the twoengineering properties testing requires considerable thought
properties in investigation and construction control, asto ensure materials selected for testing are representative of
indicators of the nature of material and of the quality of materials at the structure site. Also, careful sample and
compaction, has frequently resulted in the belief that lowspecimen selection are required to obtain maximum
moisture content and high dry density are the only desirablénformation from the testing program at minimum cost.
characteristics to attain in soils. This is not necessarily true.

These properties are only indexes of the probable 1-21. Shear Strength .—
engineering behavior of a soil. Yet, both dry density and

moisture content are so intimately a part of cotapons a. General.—Soll has little strength compared to other
involved in design of structures of soil that they must materials used for building a structure.  Moreover,
frequently be evaluated as engineering properties. compared to maximum soil strength, large variation can

exist in strength, both from soil to soil and within a given
The principal distinction between index and engineeringsoil type, depending on how it was deposited or placed.
properties is that the procedures for determining index
properties are relatively simpler than those for determiningengineering computations using soil strength deal primarily
engineering properties, which require considerablewith shear strength, the resistance to sliding of one mass of
knowledge and skill to develop reliable information. This soil against another, and rarely with compressive or tensile
does not imply index properties tests are simple to performstrengths. In 1776, C.A. Coulomb [28], a French engineer
Skill and care are required when performing index tests.and scientist, observed that the shear strength of a soil
Considerably more special knowledge and skill are requirectonsisted of two parts: (1) one part dependent on the stress
to interpret and apply index information than are required toacting normal to the shear plane, (2) the other part
use information from tests for engineering properties. Theindependent of that stress. The parts were called internal

friction and cohesion, respectively. The factor relating the

13 5450: Determining Water Soluble Solids in Soils.
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normal component of stress to shear strength was designategbpropriate computations and empirical correlations. The

by tang and the unit of cohesion lay The shear strength, Menard Pressuremeter and the flat blade dilatometer, as

s, may then be expressed as: well as various other equipment and methods, have been
used to determine modulus values of soils.

s= c+otan¢ 1-16
c. Direct Shear.—In the laboratory, shear strength
where: _ _ measurement is accomplished either by using the direct
¢ = unit of cohesion shear test or the triaxial shear test. The direct shear test,
s = shear strength o USBR 5725.° was developed first and is still used widely.
o = normal stress on the sliding surface It has the advantage of simplicity, but disadvantages include
¢ = angle of internal friction stress and strain concentrations within the specimen, and

pore-water pressures cannot be monitored during the test.
Many soils are either predominantly cohesive or
noncohesive. ~ For either type of soil, engineering ysyally, the specimen is tested under consolidated-drained
computations can be simplified by dropping the smaller termeongitions.  The specimen is allowed to fully consolidate
conservative. Much of early soil mechanics practice wassiow enough to allow pore pressures to remain at

based on this simplified assumption. The terms cohesive ( equilibrium during shear. Therefore, test results are
= 0) and noncohesive or cohesionlass (0) soils are still reported in terms of effective stress.

in common use in referring to these sails.

] ] ) ] ) d. Triaxial Shear.—The triaxial shear test apparatus
Occasionally, a structure is so massive or the soil foundatiory, 55 developed to permit control of other factors that
is so weak that this simplifying assumption cannot be usedinfyence shear strength, which cannot be evaluated with the
For a large earth embankment dam, this is almost always thgijrect shear test apparatus. Originally used as a research
case. In such a situation, determining the valuesaoidd tool, the triaxial device was instrumental in better
with as much precision as possible is most important forynqerstanding the mechanics of shear in soils. Because of
both the proposed structure and foundation under a varietys capapility to simulate a wide range of test conditions, the
of probable loading conditions. It is extremely important yiaxial shear apparatus is now used for routine testing. The
that "undisturbed” samples from the foundation, secureqyiayial shear apparatus is used to perform four different test
during investigations, be truly representative of mater"""sprocedureé? The procedure used to test a soil must be
and conditions.  Also, material placed in these earthyagsed on field loading and drainage conditions to which the
structures (during construction) should comply with g4 will be subjected. Figure 1-17 indicates the relation
established design limitations, based on laboratory tests. patween relative density and the angle of internal friction,

) ) (also expressed as tap), for compacted coarse-grained
b. In Situ Shear Strength.—In situ shear strength g5 [24, 29].

estimates can be derived frdfh:
e. Pore-Water Pressure.—Shear strength is primarily

* standard penetration tedy SBR 7015 dependent on effective normal stress. Under an externally
* vane shear tesUSBR 7115 applied stress, soil grains are forced into more intimate
* cone penetration test8)SBR 7020 and 7021 contact, and the soil mass volume decreases. Because soil
* borehole shear device test grain volume cannot be changed appreciably, this volume

change must take place primarily in the soil voids or pores.

Each field test has been used successfully.situ shear |t thege pores are completely filled with water, their volume
strength has been estimated for a variety of soils using

15 5725: Performing Direct Shear Testing of Soils.

14 7015: Performing Penetration Resistance Testing and Sampling 16 5740: Determining Lateral Earth Pressurglfk the Triaxial Test

of Soils. Method.
7020: Performing Cone Penetration Testing of Soils - Mechanical 5745: Performing Unconsolidated-Undrained Triaxial Shear Testing
Method. of Soils.
7021: Performing Cone Penetration Testing of Soils - Electrical 5750: Performing Consolidated-Undrained Triaxial Shear Testing of
Method. Soils.
7115: Performing Field Vane Shear Testing. 5755: Performing Consolidated-Drained Triaxial Shear Testing of
Soils.
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cannot be changed unless some water is drained from thgressures in the fluid combination of air and water will
soil mass, because water is considered incompressible. tevelop to a lesser degree, because volume change is
drainage is prevented or impeded, stress will develop in th@ossible (air is compressible), and additional stresses can be
carried by the soil grains. However, a difference will exist
developed stress is called excess pore-water pressure (i.between pore-air pressure and pore-water pressure resulting
pore-water pressure in excess of hydrostatic conditions)from capillary tension or capillary stress of the water films.
Even if the pores are filled only partially with water, Therefore, when analyzing shear strength of unsaturated

pore water opposing the externally &pg stress.
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soils, consideration must be given to whether pore-air orthe basis of pore-air pressure, which will indicate the shear
pore-water pressure is used. Because pore pressures ateength when it is influenced by capillary stress, or on the
opposed to the normal stress, total normal stress will béasis of pore-water pressure, which does not include the
reduced whenever positive pore-water pressure is preseninfluence of capillary stress and which can represent the
Based on this observation, the general case Coulomigondition of saturation.

equation must be rewritten:

g. Sliding Resistance.—A special type of shear

s= ¢’ + (o - u)tan ¢’ 1-17 strength investigation involves the shear strength between
dissimilar materials, commonly between soil and concrete or
where: between soil and geosynthetic materials. Usually, this type
s = shear strength of shear is identified as sliding resistance or interface
u = pore fluid pressure friction. The nature of the problem makes it necessary to
¢’ = effective cohesion investigate this case by direct shear test methods.
o = normal stress on the sliding surface
¢’ = effective angle of internal friction h. Residual Shear Strength.—Some soils exhibit

brittle stress-strain behavior during shear. Materials such as
The analysis can be made considenings either pore-air  shale, indurated clay, overconsolidated clay, or stiff fissured
pressure or pore-water pressure, depending on thelay reach maximum shear stress after extremely small shear
application. Figure 1-18 shows the effect of pore fluid displacements. Studies indicate measured shear stress in
pressure on the shear characteristics faaclay. True  these materials decreases rapidly with increasing shear strain
strength characteristics of a soil are determined only whemeyond the point of maximum shear stress. Continued
pore fluid pressures are accounted for during laboratorydisplacement beyond maximum shear stress will reduce the
testing. measured shear stress to a low constant value termed the

"residual shear stress" [30] (fig. 1-19). Residual shear

f. Capillary Stress.—When the water in a soil does not strength can be evaluated using either USBR 5726 or USBR

completely fll the voids, a surface develops between the 573018
water and air. This surface is not flat, but is curved due to

surface tension. The degree of curvature depends on: 1-22. Volume Change .—
e size of the void,
e nature of the material forming the sides of the void, a. General.—Volume change in a soil mass caused by
and both natural and artificial conditions introduces problems
e kind of liquid in the voids. peculiar to soils and not encountered with other construction

materials. Volume decrease is caused by pressure increase
Because the surface is curved, it is stressed in tension; thignd is a function of time and permdilj it is asseiated
tensile stress is imparted to the liquid in the pores. Thewith changes in moisture and air content, and it can occur

effect of tende stress is to pull the soil gales together.  as a result of compaction. Volume increase is a function of:
The action is contrary to pore-water pressure as described

in the previous paragraphs, and it can influence the value of ¢ pressure,
cohesion determined by laboratory tests. e density,

e moisture content, and
Capillary stress is present when soil is not completely e soil type.

saturated and may have a significant influence on results of

laboratory tests. The presence of capillary stress results iferms that describe volume change phenomena are:

a higher shear strength for a soil than will exist when

capillary stress is lessened or eliminated by wetting or e CompressiorVolume change as a result of elastic
saturation. deformation or expulsion of air produced by

application of a static external pressure.
Laboratory test methods for measuringiltagy stress are

described in USBR 5738. With information from the
capillary test, a triaxial shear test can be analyzed either on

17 18 5726: Performing Repeated Direct Shear Testing of Soils.
5735: Determining litial Capillary Pressure of Soils. 5730: Performing Rotational Shear Testing of Soils.
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Figure 1-18.—Results of a consolidated-undrained (CIU) triaxial shear test on lean clay with and
without considering pore pressure.
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e Consolidatior-Volume change produced by change; but a few (e.g., montmorillonite) will absorb or
application of static external pressure and achievedelease large volumes of water and experience large

through pore-water movement with time. shrinkage and swell.
e Shrinkage-Volume change produced by capillary
stresses during drying of a soil. b. Control of Compressibility.—By far, the most

e Compaction-Volume change produced by frequently occurring problem the geotechnical engineer must
mechanical manipulation such as rolling, tamping, deal with involves compressibility. ~Some spectacular
or vibrating. failures have occurredebause of compressibility, but the

most commonly observed effect is the cracking of
The above terms apply to volume reduction. Correspondingtructures. Shear strength is affected indirectly because the

terms apply to volume increase: greater the soil's compressibility, the greater the potential
for high pore pressures. Figure 1-20 shows the variation of
e Reboundas opposed to compression. compressibility with soil type for compacted earth
e Expansionas opposed to consolidation. embankments [31].
e Swellas opposed to shrinkage.
e Looseningor scarifying describes the operation Although the potential for high compressibility is usually

opposite of compaction. associated with fine-grained, highly plastic soils, a number
of procedures have been developed to treat soil to minimize
Ground surface movement is often the result of volumecompressibility. In constructed fills, for most soil types,
change in the underlying soil. Terms describing groundsufficient compaction can be applied to limit compression to
surface movement are: a few percent. Where it can be applied, moisture control
tends to reduce future consolidation by facilitating
e SettlementGround surface movement associated compaction. For some soils compacted dry of optimum

with volume decrease. moisture content, the soil grain structure will not assume its
e Heave-Ground surface movement associated with densest state as discernible from compaction curves shown
volume increase. on figure 1-10c. For such a condition, subsequent wetting

may result in particle rearrangement and an accompanying
Most often, volume change is associated with changes irvolume strain calledaturation collapse This action can
volume of the voids and only to a limited extent with occur rapidly in some silty type soils.
changes in volume of solid particles. If voids are, to a large
extent, filled with air, an increase in pressure on the soilSoils subject to shrinkage and swell can be used in earth
mass will result in compression without appreciable structures if compacted under good moisture control and
subsequent consolidation. Conversely, if voids are nearlffoaded sufficiently with other materials to prevent swelling.
or completely filled with water, little or no compression will When swelling-type soils are used for the majority of an
take place immediately upon application of a pressureembankment, flatter slopes and greater soil volumes are
increment; and only when water drains from the soil massequired than for nonswelling soils. This may require more
can consolidation occur. If water can drain readily from the stringent zoning of an embankment, and consideration must
soil mass, consolidation may take place within a shortbe given to acquiring better mats from more distant
period of time; but, if the soil has a low permeability, if the sources as opposed to using swelling-type soils found
soil mass is extremely large, or if drainage is otherwiselocally.
impeded, complete consolidation may require many years.

Compressibility in a soil foundation is difficult to control.
Volume change also is caused by particle rearrangementRemoving compressible soil, using piles or piers, and use of
particle breakdown, and physical or chemical absorption ofspread footings or mats has been applied in specific cases
moisture. Usually, particle rearrangement is associated witlwith success. Variation in compressibility within the
clay soils deposited underwater that have been stressed ongonstruction area can produce greater difficulty than the
with the weight of soil above them. Particle breakdown is amount of compressibility encountered. Under earth dams,
most commonly found where residual soil is derived from removal of questionable materials, drainage of wet soils,
rock that has been weathered and altered in place. Mostetting of dry soils, and spread embankments have all been
clay soils have affinity for moisture which can be removedused to minimize compressibility. Compressible
only with considerable effort. Fortunately, many of the clay foundations under proposed buildings and similar structures
minerals attain a state of saturation without great volume
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Figure 1-20.—Compression characteristics of various compacted embankment soils based on field measurements [31].
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CHAPTER 1—PROPERTIES OF SOILS

are frequently improved by removing an amount of soil Methods have been designed to identify these metastable
equal to the structure's weight so there is no net increase oils [36]. Certain relationships exist between in-place dry
stress in the natural soil after the structure is built. density, moisture content, and the volume change that may
be anticipated for fine-grained soils. The relationship in
c. Pressure-Compression Characteristics.—\When which dry density is expressed as the ratio oflace dry
soils are gradually deposited layer upon layer, each layer iglensity to laboratory maximum dry density for various
compressed by the layers above it; and, as time passes, th&isture contents, presented in relation to optimum moisture
soil attains a state of consolidation in equilibrium with the content, is shown on figure 1-24a ([37]). If the dry density
superimposed pressure. Such a soil is describaotaslly ratio and moisture content difference of a soil plot above
consolidated In such a soil, the density increases with and to the left of the limit line (shown on fig. 1-24a), very
depth or overburden pressure, and the void ratio decreasesnall additional volume change will occur upon wetting, and
correspondingly. This relationship is nearly a straight linetreatment of in-placenaterial is not nanally required for
(virgin compression line) when plotted on a semilogarithmic small dams, canal embankments, or lightweight structures.
scale (fig. 1-21 [32]). |If all or a portion of the If the dry density ratio and moisture content difference plot
superimposed pressure is removed, rebound will occur, bubelow and to the right of the limit line, significant volume
the change in void ratio usually will be small compared tochange may occur on wetting of the in-place material even
the void ratio change produced by initial compression andunder low pressures; and treatment of in-place materials
consolidation. Such a soil isverconsolidated If an may be required. Rigid structures should not be placed on
overconsolidated soil is again loaded, the change in voiceither wet loose soils or dry loose soils, subject to later
ratio will be small compared to that produced with similar wetting, as structure cracking may occur. Foundation
pressure increments during initial consolidation. The finaltreatment may be required for rigid structures whose
void ratio, however, will be somewhat smaller than thatfoundation soil properties plot above the limit line.
originally obtained. Where such a condition exists, either
as a result of a glacier having overridden the depagiere Another criterion for predicting loose, fine-grained soils
extensive erosion has occur+eat where desiccation has needing treatment involves in-place dry density and liquid
occurred, these materials often can function as a foundatiofimit as shown on figures 1-24b and 1-25 (from [37]). The
without difficulty. theory is simple: if in-place dry density is so low that the
volume of voids is larger than that required to hold the
In the arid and semiarid parts of the Western United Statesyolume of water needed to reach the liquid limit (as shown
unsaturated deposits of loose silt (ML), silty clay (CL-ML), for case I), the soil can become saturated. Consistency is
or lean clay (CL) have caused special problems [33]. Thesdéow, and the void space is sufficient to allow collapse.
deposits include wind-deposited loess and loess-like soilsConversely, if in-place dry density is high enough so that
and colluvial andalluvial soils deposited by flash flood the volume of voids is less than that required to hold the
runoffs, often in the form of mudslides. In these deposits,volume of water needed to reach the liquid limit (as shown
soils have never been completely wetted to allow breakdowrior case l11), the soil Wl not collapse upon saturation but
of the loose depositional structure. Generally, these soilsvill reach a plastic state in which particle-to-particle contact
have relatively high dry strength created by well dispersedalways will take place. Therefore, soils with liquid limits
clay binder [34]. It is known that loessial soils form high, and in-place dry deiiges that plot above the line show a
near-vertical faces that are stable as long as the moisturgitical dry density condition, while soils that plot below the
content is low (fig. 1-22). However, upon wetting, strength line do not. In the latter condition, soils would only settle
is essentially lost and slope failures occur. Similarly, in a normal manner due to a pressure increase. The graph
loessial soils support heavy structural loads on footings ohas additional usefulness in presenting data so the quality of
piles when dry but lose their bearing capacity and resistancédenseness of soils in the case Ill category can be evaluated.
to compression when their loose structure collapses upoifror example, dry densities and liquid limits plotted close to
wetting (fig. 1-23 [35]). Certain interfan soil deposits the case Il line may not be susceptible to collapse, but may
adjacent to the southwestern foothills of the Central Valleybe critical with respect to pressure increases; whereas soils
of California as well as other areas in the Western Unitedvith conditions plotted lower in the case Ill area would
States with similarly formed deposits have similar result in more firm material. In the case of expansive soils,
characteristics. When dealing with hydraulic engineeringwith high liquid limits and very high in-place dry densities,
works, where subsoils eventually will become saturated,plotting very low on the graph indicates suscalitjbto
recognizing such soil deposits is important so that measuretiture expansion. Therefore, in case Ill, a moderate range
can be taken to improve them before building structuresof dry densities exists that is most desirable.
upon them.
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- '..“i
Figure 1-22.—A 34-foot cut on 1/2:1 slope in loess formation—
Franklin Canal, Nebraska.

Loessial soils in Kansas and Nebraska are quite uniform and defensive design techniques such as wide filters and

have liquid limits between 30 and 40 percent. Therefore, drains may be required in the embankment.

in-place dry density and moisture content versus settlement e Generally, moisture contents above 20 percent will

upon wetting can be expressed in terms of in-place dry permit full settlement under load.

density and moisture content for these localities. Soils from

other areas must be tested. Where volume change is a potential problem, a foundation
investigation must provide information not only as to soll

For loessial soils in Kansas and Nebraska: types found, but also information on their present

undisturbed state. Samples must be recovered in an

e Loess with dry density less than 1,281 Rg/m "undisturbed" state using methods described in either USBR
(80 Ib/ft) is considered loose and highly susceptible 7100 or 7105?
to settlement on wetting with little or no surface
loading.

e Loess with dry density between 1,281 and
1,442 kg/m (80 and 90 Ib/f) is medium dense and
is moderately susceptible t@tdement on wetting
when loaded. 19 7100: Obtaining Undisturbed Block Samples by the Hand and

* Loess with dry density above 1,442 kg/(@0 Ib/ff) Chain Saw Methods. _ _ _ o
is quite dense and capable of supporting OrdinaryMeché(sJS: Performing Undisturbed Soil Sampling by Mechanicéliimy
struc_:tures without serious settlement, even upon 5606: Determining Permeitity and Settlement of Soils 18-ir2Q3-
wetting. mm) Diameter Cylinder.

e For earth dams and high canal embankments, a dry  5605: Determining Permeiity and Settlement of Soils Containing
denSIty Of 1,362 kg/Fn(85 .Ib/ftg) has been .used as Gravglélo: Determing Permeiity of Soil by the Back-Pressure Test

the division between high, dry density loess yethod.

requiring no foundation treatment and low, dry 5700: Determining the One-Dimensional Consolidation Properties of
density loess requiring treatment.  However, Soils (Incremental Stress).

considerable compression may still occur. and 5705: Determining the One-Dimensional Expansion Properties of
! Soils.

5715: Determining the One-Dimensional Uplift Properties of Soils.
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CHAPTER 1—PROPERTIES OF SOILS

Laboratory consolidation testing of undisturbed or e Soil plasticity is immediately reduced (fig. 1-31).
compacted soil specimens is performed using USBR 5700. The liquid limit (LL) of the soil changes very little
Permeallity and settlement of compacted soil specimens while the plastic limit (PL) increases, thus reducing
may be determined using USBR 5600, 5605, or 5610. the plasticity index (PI) of the soil.

Other volume change characteristics of soils (e.g., e The finer clay size particles (colloids) agglomerate to
expansion, swell, or heave) may be determined using USBR form larger particles.

5705 or 5715. Three-tnensional volume change e The large particles (clay clods) disintegrate to form
characteristics of soils may be obtained using consolidation smaller particles.

procedures given for triaxial shear tests (see USBR 5750 or e A drying effect takes place caused by absorption of
5755). Figure 1-21 shows the type of compression results moisture for hydration of the lime, which reduces the
obtained from testing cohesive soil. Figure 1-26 shows the moisture content of the soil.

relation of relative density and void ratio to compressibility

for a compacted, fine sand [38]. The result of these reactions is to make the material more

workable and more friable.
d. Pressure-Expansion Characteristics.—In addition
to the normal rebound phenonmn, which occursipon The second effect of adding lime to soil is a definite
release of a compressive pressure as ameit on  cementing action with strength of the compacted soil-lime
figure 1-21, certain types aflayey soils and clay shales mixture increasing with time. The lime reacts chemically
exhibit expansive characteristics in the presence of water. with available silica and some alumina in the soil to form
calcium silicates and aluminates.
The amount of expansion depends on the type of clay
mineral, confining pressure, and the availability of water; The percentage of lime added to a soil depends on whether

expansion is a function of: the purpose is for modification (small percent to increase
workability) or for stabilization (sufficient lime to provide
e time, strength). For stabilization, lime percentage can be based
e confining pressure, on:
e initial density, and
¢ initial moisture content. e soil pH,

e plasticity index reduction,
Clays containing montmorillonite are the chief sources of e strength gain, and
difficulty. Since hydraulic structures always provide a e prevention of harmful volumetric change.
water source for soil expansion, clays must be identified and
treated to avoid future failures. Figure 1-27 shows aWhen the soil-lime mixture reaches a pH of 12.4, sufficient
comparison between pressure and expansion for two typicdime has been added to react with all the soil. An optimum
expansive clays [39, 40]. Figure 1-28 shows effects oflime percentage exists beyond which addition of more lime
placement moisture content and dry density on expansioslightly reduces the plasticity index of the mixture but
characteristics for a typical compacted expansive clay.cannot be economically justified. If a minimum strength
Graph (a) shows volume change under a pressure of 7 kPaaterial is needed, enough lime can be added to obtain that
(1 Ibf/in®), and graph (b) shows total uplift pressure strength, or enough lime can be added to increase the
developed when this clay was restrained from expandingshrinkage limit to placement moisture or higher to prevent
[41]. Figures 1-29 and 1-30 show canal lining failures excessive volume change through wetting and drying
caused by heaving of expansive soils. Table 1-2 givesycles [43].
criteria for identifying expansive clay [42].

1-23. Permeability .—
An expansive clay can be modified by adding a small

percentage of hydrated lime to the soil. Adding lime to soil a. Definition.—Voids in a soil mass provide not only
has two major effects: (1) improves the workability and the mechanism for volume change, but also passages for
(2) increases the shear strength. water to move through a soil mass. Such passages are

variable in size, and the flow paths are tortuous and
The first effect is immediate and results from the following interconnected. If a sufficiently large number of such paths
reactions of lime with soil: act together, an average rate of flow through a soil mass can
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Figure 1-26.—Compressibility characteristics of a fine sand in relation to
placement relative density [37].

volume of water per unit time
discharge velocity

similar conditions.

This equation is commonly known as Darcy's law.
Temperature and viscosity of water affect the coefficient of

Under gravitational forces, water movement through soil ispermeability; these factors are usually accounted for in
called percolation or seepage The measure of this permeability determistions by corecting test results to a
movement is calledpermeability the factor relating standard temperature of 2C.

permeability to unit conditions is theoefficient of
permeability k, defined as: Many units of measure are used to express the coefficient of

where:

Ah

permeability. In the past, Reclamation preferred to use feet

K = QfL)_ v per year (ft/yr), which is the same as cubic feet per square
A L Ah , 1-18 foot per year ([fY/ft?/yr) at unit gradient. Feet per day
(ft/d) is a term used to some extent in canal design, while
water-supply engineers favor gallons per square foot per day
gross cross-sectional area through which ([gal/ft?)/day). Most technical literature uses centimeters
Q flows per second (cm/s) (fig. 1-32), and Reclamation will be
head loss converting to these units.

hydraulic gradient, equal thh /L, or the ratio
of head lost to distance over which the head is b. Ranges of Permeability.—The coefficient of

lost permeability in natural soil deposits is highly variable. In
coefficient of permeability many soil deposits, permeability parallel to bedding planes
distance over which head is lost may be 100 or even 1,000 times larger than permeability
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Figure 1-29.—Slope failure and bottom heaving of
Friant-Kern Canal, California.

Figure 1-30.—Heaving of canal bottom (about 300 mm at center),
Mohawk Canal, Arizona.
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Table 1-2.—Relation of soil index properties to expansion potential of high-plasticity clay soils.
Data for making estimate of probable volume change for expansive materials

Data from index tests*

Colloid content, Probable expansion?, percent Degree
percent minus Plasticity index, PlI, Shrinkage total volume change, dry to of
0.001 mm % limit, SL, % saturated condition expansion
> 28 > 35 <11 > 30 Very high
20to 31 2510 41 7t012 20 to 30 High
13to 23 15to 28 10to 16 10to 20 Medium
<15 <18 >15 <10 Low

* All three index tests should be considered in estimating expansive properties.
2 Based on a vertical loading of 7 kPa (1.0 Ibf/in?)

perpendicular to bedding planes. An exception to this isSeepage control is accomplished in a variety of ways that
loess in which vertical permeability is several times greatermay be divided into three classes: (1) reducing the
than horizontal permeability [44]. Permeability of some coefficient of permeability, (2) reducing the hydraulic
soils is sensitive to small changes in density, moisturegradient, and (3) controlling the effluent.
content, or gradation. In certain permeability ranges, a few
percent variation in any one of these factors may result in an embankments, permeability is reduced by selection of
1,000-percent variation in permeability. Because of possiblenaterial through compaction control and on rare occasions
wide variation in permeability, measurement with greatby use of additives. Through fouatibns, seepage is
accuracy is not possible for most design work; rather, thereduced by several types of cutoffs formed by injection of
order of magnitude of permeability is important. a material into the foundation by grouting methods and
densification by dynamic compaction, vibration, and loading
Reclamation describes soils with permeability less tharoften accompanied by changing the moisture content of the
1x 10%m/s (1 ft/yr) as impervious, those with permeability materials to hasten or enhance densification.
between 1xI&cm/s and 1xIcm/s (1 and 100 ft/yr)
as semipervious, and soils with permeability greater thanHydraulic gradient reduction is accomplished either by
1x 10* cm/s (100 ft/yr) as pervious. Figure 1-32 shows reducing the head or increasing the length of the seepage
a compilation of some of the permeability testing performedpath. Usually, some type of low permeability reservoir
at the Reclamation soils laboratory (Denver, Colorado) onblanket is constructed to increase the seepage path.
compacted specimens of various soils. Figure 1-33 shows
results of permeability tests on relatively clean, sand-gravelControl of effluent requires a design that reduces seepage
mixtures [45]. pressures sufficiently at all points so rupture of impervious
zones or foundation layers is prevented and that provides
c. Control of Permeability.—The determination of filters to prevent piping. This is accomplished by zoning in
coefficient of pemeablity is important in water retention earth dams and canal banks, using filters and drains, and
and water conveyance structures because water lost throughstalling drains and pressure relief wells. A number of
the soil is an economic loss charged to the structurecombination control methods are in common use including
Continuous movement of water through the soil of awide embankment sections, impervious diaphragms, and
structure may result in removal of soluble solids or maylinings. The control method selected depends primarily on
result in internal erosion calle@iping. Piping must cost of treatment compared to benefit received both in
particularly be guarded against because it occurs graduallpreventing water loss and in assurance against piping
and is often not apparent until the structure's failure isfailure.
imminent. In nonhydraulic structures, permeability is
important only when work below water table is required or Detailed analysis and design techniques are presented in
when changes in water table occur in the area influenced bipesign Standards No. +Embankment Dam§46] chs. 2,
constructing the structure. 5, 8, 17).
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Figure 1-31.—Effect of lime on shrinkage limit, plastic limit, and liquid limit.
d. Determination of Coefficient of procedures have not been established for these special

Permeability.—Permeability is determined in the field by conditions. For groundwater studies, large scale aquifer
means of a variety of tests based either on forcing watetesting may be necessary ($&®und Water Manugl7]).
through the material or removing water under controlled

conditions. USBR7300, 7305, and 7310 describe field 1-24.  Engineering Characteristics of Soil
methods for determininip situ permeability. USBR 5600, Groups .—Although substitutes for thorough testing have
5605, 5610, and 5615 are methods for determiningnot been devised to determine the important engineering
permeability in the laborator¥. There are ranges of properties of specific soils, approximate average values for
permeability for which none of these tests may becompacted sgcimens of typical soils from each USCS
satisfactory.  However, this happens so rarely thatgroup are available based on statistical analyses of available
data (table 1-3). The attempt to determine soil data from
average values involves risks: (1) the data may not be
representative and (2) the values may be used in design
without adequate safety factors. In the early stages of

20 7300: Performing Field Permeabty Testing by the Well
Permeameter Method.

7305: Field Permedllty Test (Shallow-Well Permeameter Mhetd). proj_eCt planning,_ when d_ifferent borrow areas and dESign_
7310: Constant Head Hydraulic Conductivity Tests in Single Drill sections are being studied, these average values of soll
Holes. properties can be used as qualitative guides. Because the

5600: Determining Permedity and Settlement of Soils [8-203- 31,65 pertain to the soil groups, proper soil classification is
mm) Diameter Cylinder].

5605: Determining Permetiity and Settlement of Soils Containing ~ Of Vital importance. Verification of field identification by
Gravel. laboratory gradation and Atterberg limits tests must be made

" th52105 Determining Permeiity of Soil by the Back-Pressure Test g representative samples of each soil group encountered.
ethoa.

5615: Performing Radial Vacuum PermiigpbTest for Soil-Cement
or Porpous Rock.
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vegetation and weathering
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Figure 1-32.—Permeability ranges for soils.
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Figure 1-33.—Relationship of permeability to gravel content for specimens of various relative densities.

Table 1-3 is a summary of values obtained from more thartested were 82 and 86 percent, respectively. Soils with
1,110 soil tests performed betwed®60 and1985 in higher liquid limits than these have inferior engineering
Reclamation's Denver geotechnical laboratory. The datgroperties.
were obtained from reports on soil samples for which
laboratory classifications were available and are arrangedwo shear strength parameters are given for the soil groups
according to the USCS groups. The soils are from theunder the heading’ and¢ . The values of ' and¢ ' are
17 Western United States. the vertical intercept and the angle, respectively, of the
Mohr strength envelope on an effective stress basis as
For each soil property noted in table 1-3, the averageshown on figure 1-18. The Mohr strength envelope is
minimum, and maximum test values; standard deviation;obtained by testing several specimens of compacted soil in
and number of tests performed are listed. Because alh triaxial shear apparatus in which pore-fluid pressures
laboratory tests (except large-size permeability tests) wereeveloped during the test are measured. Effective stresses
made on compacted specimens of the minus 4.75-mm (Noare obtained by subtracting measured pore-fluid pressures in
4) soil fraction, data on average values for gravels were nothe specimen from stresses applied by the apparatus. Data
available for most properties. The averages shown areised in compiling the values in table 1-3 were taken from
subject to uncertainties that may arise from samplingunconsolidated-undrained (UU) and consolidated-undrained
variation and tend to vary widely. (CU) triaxial shear tests with pore-fluid pressure
measurements and from consolidated- drained (CD) triaxial
The values for laboratory maximum dry density, optimum shear tests (see USBR 5745, 5750, and 5755).
moisture content, specific gravity, and maximum and
minimum index densities were obtained using the previously  a. Engineering Use Chart.—The Engineering Use
referenced test procedures. The MH and CH soil group<hart, table 1-4, shows the type of soil most appropriate for
have no upper boundary of liquid limit in the classification certain kinds of earthwork construction. The various soil
system; therefore, the range of those soils is included in thgroupings in the USCS generally relate to engineering
table. The maximum liquid limits for the MH and CH soils properties typical for each soil group. These relationships
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Table 1-3.—Average engineering properties of compacted soils from the 17 Western United States. Data from reports published between June 1960 and December 1985.
Data from 2005 tests on 1110 samples. Table compiled January 1988

Compaction Shear Strength
Specific gravity Laboratory Index density Consolidateld-drai.neq and consolidated- Unconsolidated-undrained triaxial shear
undrained triaxial shear tests tests
) Av. plalcgment Effective stress Av. plalcgment Effective stress
Total Optimum conditions conditions
USCS | No. of Max. dry | moisture Dry Moisture | Friction Dry Moisture | Friction

soil |samples| No. 4 | No. 4 | density | content Max. Min density | content angle |Cohesion| density | content angle |Cohesion Values

type | tested |minus | plus kg/m® % kg/m® kg/m® kg/m® % degrees kPa kg/m® % degrees kPa listed

2.69 | 2.58 1989 11.4 2167 1746 Average

0.03 | 0.08 51 1.2 139 128 Std. dev.

GW 22 2.63 | 2.39 1907 9.9 1810 1417 Minimum
2.75 | 2.67 2042 13.3 2332 1896 Maximum

17 10 5 20 # of tests

2.68 | 2.52 1907 12.2 2212 1808 1933 7.5 422 8.1 Average

0.04 | 0.21 153 4.3 113 124 238 4.1 21 16.3 Std. dev.

GP 62 254 | 1.76 1436 9.1 1826 1375 1489 33 38.0 0.0 Minimum
2.77 | 2.65 2045 26.5 2383 1986 2144 15.1 43.8 40.7 Maximum

37 15 16 50 5 # of tests

273 | 243 1819 15.7 Average

0.07 | 0.18 189 5.9 Std. dev.

GM 37 2.65 | 2.19 1393 5.8 Minimum
2.92 | 2.92 2130 29.5 Maximum

35 17 35 # of tests

2.73 | 2.50 1854 14.2 Average

0.09 | 0.15 126 3.9 Std. dev.

GC 32 267 | 2.38 1537 6.0 Minimum
3.11 | 2.78 2066 23.6 Maximum

30 5 32 # of tests

2.67 | 2.57 2019 9.1 1987 1576 Average

0.03 | 0.03 96 1.7 128 142 Std. dev.

sSw 20 264 | 254 1896 7.4 1683 1278 Minimum
2.72 | 2.59 2162 11.2 2207 1758 Maximum

13 2 4 13 # of tests

2.66 | 2.62 1827 10.5 1890 1542 Average

0.04 | 0.08 160 21 120 144 Std. dev.

SP 81 2.60 | 2.52 1649 7.8 1621 1252 Minimum
2.86 | 2.75 2159 13.4 2199 1960 Maximum

50 5 3 43 # of tests

2.68 | 2.50 1877 12.3 1803 1379 1760 13.2 34.0 20.7 1821 12.6 335 59.3 Average

0.06 | 0.12 140 3.3 147 136 145 5.2 4.9 255 201 55 6.1 421 Std. dev.

SM 174 251 | 2.24 1488 6.8 1417 1034 1459 4.6 23.7 0.0 1488 7.6 23.3 0.0 Minimum
3.11 | 2.69 2114 25.5 1968 1555 2019 23.0 40.7 90.3 2122 25.0 45.0 146.2 Maximum

162 10 133 20 10 8 # of tests

2.69 | 2.47 1906 12.4 1773 15.4 32.7 19.3 1967 111 35.1 53.8 Average

0.04 | 0.18 99 2.4 225 5.2 3.8 14.5 88 21 0.7 4.1 Std. dev.

SC 112 256 | 2.17 1547 6.7 1459 7.5 25.5 0.0 1843 9.7 34.2 49.0 Minimum
2.84 | 2.59 2109 22.1 2111 22.7 38.3 42.1 2035 14.0 35.8 58.6 Maximum

110 4 90 11 3 # of tests

2.70 1645 20.1 1528 25.2 35.2 4.8 1678 17.4 318 61.4 Average

0.09 168 5.7 179 9.5 25 3.4 161 5.7 4.3 241 Std. dev.

63 2.52 1355 10.6 1292 135 314 0.0 1512 111 25.2 21.4 Minimum
ML 3.10 2018 34.6 1778 40.3 38.3 10.3 1909 25.8 37.2 82.0 Maximum
60 36 11 4 # of tests

2.79 1372 33.1 Average

0.27 35 15 Std. dev.

MH 11 247 1327 315 Minimum
3.50 1425 35.5 Maximum

9 4 # of tests

2.70 | 2.48 1768 16.4 1665 18.3 28.1 15.2 1760 15.3 24.4 91.0 Average

0.05 | 0.13 97 3.1 174 5.7 5.0 18.6 86 2.4 7.0 49.0 Std. dev.

CL 395 256 | 2.34 1398 10.7 1297 10.2 10.8 0.0 1622 11.6 8.0 0.0 Minimum
2.87 | 2.75 2002 30.9 1922 35.0 36.8 104.1 1986 20.2 33.8 164.1 Maximum

361 8 286 31 24 # of tests

2.73 1531 24.8 1406 30.6 20.5 324 1574 22.7 15.1 1241 Average

0.06 102 5.2 107 5.7 6.3 31.0 92 4.6 6.7 25.5 Std. dev.

CH 101 251 1318 16.6 1249 22.4 10.8 0.0 1438 17.9 51 85.5 Minimum
2.89 1720 41.8 1555 42.0 30.9 108.2 1680 29.1 26.1 148.2 Maximum

93 36 11 5 # of tests

Conversion factors: 1 kg/m® = 0.06243 Ib/ft*; 1 kPa = 0.145 Ib/in*
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EARTH MANUAL

can help direct an investigation toward specific soil typesmatrix soils (i.e., sand, silt, or clay) can no longer fill the
best suited for the type of earthwork to be constructed.  voids between the gravel particles. At that point,
permeability increases with increase in gravel content.
Three important engineering properties of soils typical of
each classification group are listed on the chart adjacent t&tructural characteristics of gravelly soils are largely
the group symbol. They are: (1) permeability when controlled by density, amount and shape of gravel particles,
compacted, (2) shear strength when compacted anénd the amount and nature of the matrix soils. Usually,
saturated, and (3) compressibility when compacted andtohesionless gravel soils have high shear strength and low
saturated. In addition, workability as a construction compressibility when lpced at a relative density of
material is shown. Based on these properties, workability,70 percent or above.
and experience, the use chart lists the soil groups’ relative
desirability for use in rolled earthfill dams, compacted earth-Structural characteristics of coarse sands approach those of
lined canal sections, and compacted backfill. The numericagravelly soils, but the structural characteristics of fine sands
ratings given in the chart are relative and are intended onlyare more like those of silty soils. As in gravelly soils,
as a guide to aid the investigator in comparing soils fordensity and amount and nature of the matrix (silt and clay)
various purposes. control the structural properties of sand. The SW and SP
soils are pervious; whereas, SM and SC soils are
Gravelly soils are nonally preferred construction and semipervious to impervious depending upon the amount and
foundation materials because of their low compressibilitycharacter of the fines. When adequately compacted, SC
and high shear strength. The GW and GP soils are perviousoils are good for impervious earthfill dams and other
because they contain little or no fines to fill soil voids. embankment materials because of their low permeability,
Ordinarily, good drainage is ensured. Their properties areelatively high shear strength, and relatively low
not affected appreciably by saturation and, if reasonablycompressibility.
dense, these soils have good stability and low
compressibility. In these respects, GW soils are better tha®ther engineering problems encountered with sands are
GP soils. The GW and GP soils are virtually unaffected bynormally related to density. Stability of pervious saturated
freezing and thawing. sands remains high as long as adequate drainage is
provided. Shear strength of saturated sands containing
As the sand, silt, and clay fractions increase, the matrixappreciable amounts of silty and clayey fines will be
soils begin to dominate the gravel skeleton structure, and theontrolled by water content; thus, as density becomes lower
total material assumes more of the chtgestics of the  and water content becomes higher, shear strength decreases.
matrix. When properly compacted, GC soils are
particularly good material for homogeneous, small earthfill One of the most troublesome problems encountered by
dams or other embankments, or for the impervious sectiongeotechnical engineers is restricted drainage in saturated
of high earth dams. Permeability of GC soil is low, shearsands because of low permeability or impervious
strength is high, and compressibility is low. boundaries. If rapid loadings are applied and if soil density
is sufficiently low toallow volume decrease, high pore
An important factor in the behavior of gravelly soils is the pressure and reduced stability will result. This may cause
gravel content at which interference between the largestrains of unacceptable magnitude or even total failure
particles begins to influence total material properties [48]. because of liquefaction. Seismic and equipment vibrations
Extensive compaction studies demonstrated that particleand vehicular traffic loads are examples of rapid loadings
interference begins to influence compaction at about 30-that must be resisted.
35-, and 45-percent gravel content, respectively, for sandy,
silty, and clayey gravel soils tested, when placed usingCoarse, cohesionless soils usually are not affected by
standard compactive effort. Similarly, at about the samemoderate water velocities. However, fine sands can be
gravel content, shear strengths show significant effects ofoosened or rearranged by low velocities of waterflow.
particle interference. Soils having angular gravel particles,Therefore, when constructing on sand below ground-water
as compared to rounded particles, show interferencdable, the control of seepage is important to prevent particle
characteristics at lower gravel contents. displacement causing erosion, loosening, or quick action
(quicksand).
A mixture's permeability is reduced as gravel content
increases because solid fiees replace permeable voids Even small amounts of fines may have important effects on
until the gravel content reaches an amount at which théhe engineering properties of coarse-grained soils. For
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instance, as little as 5- to 10-percent fines in sands andir slake, or weather rapidhturning into soil. Some shales
gravels may significantly reduce permeability and increasemay dry out without any apparent effect, but if rewetted,
susceptibility to frost action. they deteriorate rapidly into very soft clay. Some
sandstones and limestones harden xjposure to air and
Silts are nonplai, fine-grained soils that are inherently retain their improved qualities, while other limestones and
unstable in the presence of water and, like fine sands, magandstones break down rapidly with fluctuating temperature
become quick. Silts are semipervious to impervious, oftenand moisture content.
difficult to compact, and are susceptible to damage by frost.
Typical bulky grained, inorganic-silt soils having liquid Although deterioration is rare, if unrecognized, failure can
limits of about 30 percent are less compressible than highlyoccur without advance warning. Engineering practices for
micaceous and diatomaceous silts that have flaky grains antteating soils that deteriorate are not well known. Where

have liquid limits above 100 percent. situations as described above are suspected, the situation
should be reviewed by specialists in this field, and
1-25. Changes in Soil Properties .—Although soll specialized treatment may be necessary.

is commonly considered a stable material, it is constantly
changing, either gradually from solid rock to increasingly 1-26.  Workability .—Although laboratory testing
finer particles or, conversely, gradually changing back toindicates the maximum extent to which engineering
rock. In most soils, this change is sufficiently gradual thatproperties such as shear strength, volume change, and
it is not a concern. However, in some soils, the change ipermeability of a given soil may vary, achieving these limits
rapid enough to be important in the life of an engineeredin engineering practice is seldom practical. The ease with
structure. Soils where change may be important includewhich satisfactory values of engineering properties can be
those with appreciable quantities of: (1) organic matter,economically eached is an importaattribute of a soil, a
(2) soluble solids, or (3) minerals of volcanic origin. soil deposit, or a foundation.
Residual soils may be in a state of chemical alteration such
that during placement, they will have one set of The costto procure a unit volume of soil and place it (as in
characteristics; later, during the life of the hydraulic a structure) or for treating a unit amount of foatioh
structure, they may have very different characteristics.  varies widely, not only according to soil type but according
to type and size of structure. Also, cost is influenced by the
Frequently, existing soil deposits in their natural state havekind of equipment available and by current available labor.
been stable for many years and give every indication thatf a project is sufficiently large so that special equipment can
they will remain so. Nevertheless, human changes maye economically used, maximum efficiency in construction
result in failure of some soils. One of the soils prone tois most likely to be achieved. However, the soils selected
failure is calledsensitive clay This type of clay in an must be workable by such methods.
undisturbed condition has substantial shear strength, which
to a large extent is lost upon being remolded. Very looseWhere separation of oversize is not required and where
saturated, fine sand and silwhen subjected to dynamic mixing requirements are minimized, borrow pits which can
loading such as an earthquake or vibration frombe preprocessed to optimum moisture content are preferable
machinery-will lose strength and behave like a viscous and usually more economical, even though longer haul
liquid. This phenomenon is known d&uefaction distances may be required for their effective use. In
Another group of soils exists where minor changes inpractice, situations arise where separation of oversize is
moisture content result in an abrupt change in shealeconomical; also, cases exist where mixing two varieties of
strength. In some cases, these soils, such as loessial soisgil is worthwhile. Instances occur where extensive efforts
have been deposited in a very loose state and exhibit change obtain maximum moisture control are justified; however,
in shear strength and can collapse and subside when th&ich operations should be avoided if possible.
moisture content is increased. Swelling clays frequently
exhibit a change in strength characteristics caused by afiest procedures do not exist for measuring workability.
increase in moisture. Rather, all pertinent information concerning a soil, a borrow
pit, or a foundation is tabulated so the various design
Among the soils that, tbugh desiccation, consolidation, possibilities can be evalted. The engineering use chart
and chemical action, have changed to forms commonlytable 1-4) provides qualitative information on the
regarded as rock are varieties of shale, sandstone, andorkability of soils as a construction material and the
limestone. When these rocks are exposed to air, markerklative desirability of various soil types according to
changes in characteristics can occur. Some shales flake of§tructure. Borrow pits may be evaluated according to
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amount of work required. Because equipment mobilization 1-28. Erodibility .—Erosion has been defined as
is charged against a soil deposit, unit cost decreases . . a process of detachment and transport of soil particles
appreciably as the volume of work increases. The changer particle groups by the forces of water, wind, ice, and
in unit cost for excavation up to about 100,000 m gravity [53]." Erodibility is the susceptibility of a soil to
(100,000 yd) is noticeable; then to 1 million*1 million erode.
yd®) it is gradual; and beyond that range, unit cost is nearly
constant. Transportation costs are nearly constant abovE€he processes that influence erosioncohesionlessoil
about 100,000 fn (100,000 yé), depending only on particles have beerundersbod for many years. A
distance. Moisture control costs depend primarily on thecohesionless soil particle resting on the side or bottom of a
uniformity and slope of the borrow area and the availability stream or canal is acted on by gravity and by a tractive or
of water. Excavation costs are influenced somewhat byerosive force caused by movement of water past the particle.
topography of the borrow area. Borrow pits slightly higher Thus, erosion resistance of cohesionless soils depends on
in elevation than the work structure are preferable to thosehe applied tractive force and the mass of the particle
below the work. expressed in terms of mean particle diametey).(OFig-

ure 1-35 presents data collected by a number of investigators

1-27. Frost Action .—Heaving of subgrades caused by showing the relationship between critical tractive force, the

formation of ice lenses and subsequent loss of shear strengfhrce required to start erosion, and the mean particle
upon thawing is known afost action Water rises by diameter [54].
capillarity and by thermal gradient toward the freezing zone
and forms lenses of ice, which heave the soil. Soils mosThe processes that influence erosiorafesivesoils have
susceptible to frost action are those in which capillarity canbeen studied for a number of years but still are not
develop but are sufficiently pervious to allow adequate watercompletely understood. Over the years, investigators have
movement upward from below the freezing zone. Freezingattempted to correlate tractive force to various ipatars
of the pore water in saturated fine-grained soils, calledand properties of cohesive soil.  Strong, consistent
closed-system freezing, decreases the density of soil bgorrelation has not been found. Field performance data
expansion but does not result in appreciable frost heavéave been collected on operating canals and streams as well
unless water movement can take place from below. as laboratory data collected from various erosion devices,

including flumes, erosion tanks, submerged hydraulic jets,
The severity of frost heave depends on three factorsand rotating cylinders. These studies have helped identify
(1) type of soil, (2) availability of free water, and (3) time the properties that influence erosion of cohesive soils but
rate of fluctuation of temperature about the freezing point.have not provided quantifiable correlations between
Soils having a high percentage of silt-size particles are théaboratory tests and erodibility in the field. Some soil and
most frost susceptible. Such soils have a network of smalfluid properties that may influence the erosion process in
pores that promote migration of water to the freezing zone.cohesive soil include:
Silt (ML, MH), silty sand (SM), and clays of low plasticity
(CL, CL-ML) are in this category. Tests by the Corps of
Engineers from 1950 to 1970 [50] form the basis for fig-
ure 1-34; it relates frost susceptibility in terms of average
rate of heave in percent by mass finer than the U.S.A.
Standard 75-pm (No. 200) sieve. The figure shows most
soil types have a wide range of frost susceptibility without
a sharp dividing line between frost-susceptible and
nonfrost-susceptible soils. Nevertheless, silts, clayey silts,
and silty sands have the highest pt#drfor frost heave
followed by gravelly and sandy clay, clayey sand, and
clayey gravel. Soils with the lowest potential to heave are
sandy gravels, clean sands, and silty sands with less than
3 percent finer than the 75-um (No. 200) sieve [51]. Inthe
absence of a source of free water, frost heave is limited to  1-29. Dispersive Clay .—Some unique cohesive soils
the increase in volume due to freezing of pore water. Thishave been found to be highly erodible. These soils are
upper limit amounts to about 9 percent of pore water volumedesignateddispersive claybecause they erode when the
[52]. individual clay particles disperse (go into suspensiengn

in the presence of still water. Dispersive clays cannot be

dry density and moisture content,
grain-size distribution,

Atterberg limits,

undrained shear strength,

clay mineralogy,

pore-water chemistry,

stress history,

soil structure and fabric,
chemistry of the eroding fluid,
temperature,

viscosity of the eroding fluid, and
applied tractive stress [55].
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Figure 1-34.—Frost susceptibility classification by percentage of mass finer than 0.02 mm [35].
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CHAPTER 1—PROPERTIES OF SOILS

distinguished from nondispersive clays by conventionalA variety of laboratory equipment has been used to
index tests such as gradation, Atterberg limits, ordetermine the dynamic properties of soil including:
compaction characteristics [56].

cyclic triaxial compression,

cyclic simple shear,

cyclic torsional shear,

resonant column,

ultrasonic devices.

Dispersive characteristics are determined by performing
three standardized tests on the questionable clay sample
material. The three test results are combined to rate the clay
as dispersive, intermediate, or nondispersive [57]. The
three tests are USBR 5400, 5405, and 5410.

The dynamic properties of most interest include:
Chemical tests to determine quantity and type of dissolved
salts in the pore water are also useful in determining
dispersive potential of clay soils. Dispersive clays can be
made nondispersive by adding a small percentage of
hydrated lime (about 2 to 4 percent by dry mass of soil) to
the soil. Detrimental effects of dispersive clay (in hydraulic
structures) can also be minimized by proper zoning and byDetailed dynamic properties test procedures are not included
using designed granular filters to prevent piping failures. in this manual; information on this subject may be found in

references [58,59,60,61].

shear modulus,
damping ratio,

dynamic shear strength,
pore-pressure response.

1-30. Dynamic Properties .—The response of soil to
cyclic or dynamic stress application must be considered in
the design of structures subjected to:

e earthquake loading,
o foundations subjected to machine vibrations, and
e subgrades and base courses for pavement.

215400: Determining Dispersility of Clayey Soils by the Crumb
Test Method.

5405: Determining Dispersilty of Clayey Soils by the Duble
Hydrometer Test Method.

5410: Determining Disperdlti of Clayey Soils by the Rihole
Test Method.
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Chapter 2

INVESTIGATION

A. Principles of Investigations

2-1. General.—

a. Objectives.—The purpose of an investigation is to
obtain information relating to foundation conditions and to
natural construction materials commensurate with the type
of structure involved and with the stage of the project. The
investigation is conducted in the office, in the field, and in
the laboratory. Characteristics of subsurface conditions are
developed in progressively greater detail as exploratory
work proceeds. Investigations should be performed in
phases so the program can be reevaluated and revised to
obtain maximum information at least cost. Data obtained
must be organized to clearly show significant features of the
occurrence and properties of the materials.

Specific objectives of an investigation are to determine (as
required):

e The regional geology influence on materials, site, and
structure characteristics, paularly seismo-
tectonics.

e The location, sequence, thickness, and areal extent of

each stratum, including a description and

classification of the materials and their structure and
stratification in the undisturbed state. Significant
geologic features such as concretions, fabric, and
mineral and chemical constituents should be noted.
The depth to and type of bedrock:

- location,

- depth of weathering,
- sequence,

- seams,

- thickness,

- joints,

- areal extent,

- fissures,

attitude,

faults,

soundness, and
other structural features.

- depth of and pressure in artesian zones,

- quantity and types of soluble salts or other minerals
present, and

- water chemistry particularly for any contaminants.

e Properties of the materials byethods appropriate
for the investigation stage, the type of structure, and
detailed engineering data:

- by describing and identifying materials in place
visually, and determining in-place density.

- by obtaining disturbed samples, describing and
identifying them visually, and determining their in-
place wvater content and index properties.
Engineering properties may be iested on the
basis of the classification along with results of
laboratory index tests.

- by indirect methods performed in the field such as
geologic interpretations, in-place tests, or surface
geophysical methods, using results of direct
explorations and other tests to provide necessary
correlations.

- by observing performance of previously
constructed structures built of or placed on similar
materials.

- by observing natural slopes of similar materials.

- by obtaining undisturbed samples, identifying them
visually, describing their undisturbed state,
determining in-place density and water content, and
obtaining index and engineering properties by
laboratory tests.

- by performing tests in the field such as standard
penetration tests, cone penetration tests, bearing
capacity tests, pile loading tests, permeability tests,
pressuremeter tests, dilatometer tests, and vane
shear tests.

b. Classification of Structure Foundations.—For

structures used by the Bureau of Reclamation (Reclamation),
investigation requirements for foundations vary over a wide
range and may include consideration of the foundation

material use both for the foundation and for the structure.

e The characteristics of the ground water:

Foundations for structures can be conveniently grouped into

four classes to assist in determining type and degree of

- depth to water table,
- whether the water table is perched or normal,
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(1) The engineering properties of the material areWhere a choice in location is possible, workability of
unacceptable, and the soil or rock must be partially ormaterials is of major economic importance. For this reason,
entirely removed to provide a satisfactory foundation cuts into bedrock are normally avoided.
for the structure under consideration.
2-2. Sources of Map and Photo Information .—
(2) The soil or rock in place will provide the structure
foundation, either with or without ground improvement. a. U.S. Department of Agriculture (Aerial
Photography).—The U.S. Department of Agriculture
(3) The soil or rock provides both the foundation and a(USDA) is an excellent source of aerial photography. The
major part of the structurevith material from the  Aerial Photography Field Office (APFO) is the depository
required foundation excavation provided for use in theand reproduction facility of the U.S. Department of
structure. Agriculture’s aerial photography, housing aerial film
acquired by the Agricultural Stabilization and Conservation
(4) Same as (3), except that substantial amounts ofervice (ASCS), Natural Resources Conservation Service
material are needed for the structure in addition to thaf{NRCS), and the U.S. Forest Service. Combined aerial
available from the required excavation. photography covers about 95 percent of the conterminous
United States (see sec. 2-3d for more information). APFO’s
For structures constructed on rock, in addition to film holdings include black and white panchromatic, natural
investigations of the rock foundation, a soil investigation is color, and color infrared films (CIR) with negative scales
made in which primary concerns are depth to bedrock,ranging from 1:6000 to 1:120,000. National High Altitude
stability of slopes, and difficulty of excavation. Stability of Photography (NHAP) is a primary source of new aerial
reservoir rims should also be considered and investigated iphotography. ~APFO libraries keep the original CIR
problem areas are identified. Materials from excavationspositives which are flown at a scale of 1:60,000 with each
for structures in class 3 should be used for otherexposure covering 68 square miles.
construction purposes when feasible. For example, a site
considered suitable for a concrete dam will usually requireOrdering information can be obtained from:
temporary cofferdams, and materials from required
excavations could be used for that purpose. Aggregate U.S. Department of Agriculture ASCS
sources for concrete and for filters for earth and rockfill Aerial Photography Field Office
dams also need to be located and investigated. Customer Services
2222 West 2300 South
For structures founded on soil, the primary objective of a PO Box 30010
soil investigation is to determine soil volume change Salt Lake City UT 84130-0010
characteristics that may result in foundation settlement or
heave. Dispersivity and soluble salts could also be p. The U.S. Geological Survey (USGS).—The USGS
important, depending on the structure type. If heavyproduces information in many forms that can be useful in
loading and wet soil conditions are anticipated, the shealocal engineering studies: maps, scientific reports, geodetic
strength should be investigated. data, aerial photographs, bibliographic data, and other
forms. Most of these products are available from one or
For structures which use materials from requiredmore of the following sources:
excavations, materials must be considered from both
stability and utilization standpoints. Stability of slopes, both ¢ USDA—aerial

in cuts and fills, is a pmary consideration.  USGS Distributior-maps and published reports
Compressibility varies in importance, approximately e USGS Earth Science Information Center Open-File
commensugte with the importance of the structure Report unit-open-file reports

itself—having little significance where roads and laterals are e Earth Science Information Centers (ESIasiaps,
concerneeg-but major importance where paved highways reports, aerial photographs, and general information
and large lined canals with large structures are required. In on many earth science topics

expansive soils and in-place low density soils, the e Water Resources Division (WRB}¥tate water data
probability and magnitude of uplift and collapse must be reports

evaluated. Permeability is important on canals and laterals. e National Technical Information Service (NTIS)
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Most maps and reports are available for reference in USGS
libraries, in selected U.S. Government Printing Office
(GPO) Depository Libraries, and in large university libraries
and are available commercially.

C.

USGS Products.—Maps, cross sections, and related

indexes.

Topographic mapsare the most common USGS
maps. For most parts of the United States,
topographic maps are available in several scales:

: 24,000

: 100,000

: 250,000

: 500,000

: 1,000,000

- 1:62,500 and 1 : 63,360 scale maps are available
for some areas of the country.

- 1:50,000 and 1 : 100,000 scale county maps are
being prepared in selected States.

- Topographic maps are available commercially and
from USGS Distribution and Earth Science
Information Centers.

- Topographic data (in digital formjalled digital
elevation models (DEMs) and digital line graphs
(DLGSs), are available from ESICs, the EROS Data
Center (EDC), and commercial vendors.

- Specific information about topographic maps is
presented State by State in the US@%&texes and
Catalogs to Topographic and Other Map Coverage

[1].

Geologic mapsre of many kinds: bedrock geology
and surficial geology are the most common, but maps
showing depth to bedrock, bedrock structure
contours, coal or other mineral resources, basement
geology, and similar maps also are considered
geologic maps. Cross sections are presented on
many geologic and hydrologic maps but are not
generally available separately. Bedrock and surficial
geologic maps are available in many scales; such
maps, at detailed scales (1 : 24,000 or larger), have
been published for only about one-third of the United
States. To identify maps available for a specific
place, use the USGGeologic Map Indexor that
State or the USGSEOINDEX data base, which
contains the same information but is more up to date.

I
e e

e Hydrologic maps like geologic maps, can be of
many kinds: water table contours, aquifers and
aquicludes, water quality, hydrologic units
(watersheds), flood hazards, and so on. These kinds
of maps are published by the USGS and other
Federal, State, and local government agencies. The
USGS hydrologic maps are published either as
thematic maps available from USGS Distribution or
in open-file reports available from the ESIC
Open-File Report unit. Hydrologic maps are listed in
the annual catalogs.

Geophysical maps show information about
geomagnetism, gravity, radioactivity, and many other
geophysical characteristic&eochemical mapshow
information related to stream sediment samples
processed in search of mineral resourcgsismicity
maps show information about earthquake history,
severity, and risk.Hazard mapsan show areas of
swelling clays, landslides and related hazards,
avalanche danger, volcanic and earthquake hazards,
and other geologic hazards. These maps are
available either as published USGS thematic maps
from USGS Distribution or as open-file reports from
the ESIC Open-File Report unit.

River surveyandwetlands inventory mapseay be of
particular interest to investigators studying river sites.
River surveys were mostly conducted between 30 and
60 years ago in support of large-scale engineering
projects. Some maps are still available showing river
courses and profiles. Wetlands inventory maps,
which show kinds of wetland ecosystems, are being
made by the U.S. Fish and Wildlife Service for
7.5-minute quadrangles.

Out-of-print (0.p.) USGS mapgenerally are
available for reference in libraries and from other
sources. Blueprint copies of 0.p. topographic maps
are available from ESICs. Generally, reproductions
of 0.p. thematic maps are available from the U.S.
National Archives, Cartographic Division. Another
source of 0.p. maps is map dealers, of whom some
specialize in old, rare maps.

Other miscellaneous mapsre available from the
USGS, including folios (sets of environmental maps
of many selected areas showing geologic, hydrologic,
land use, historical, and other features) and
wilderness area maps.

d. USGS Technical Reports.—The USGS publishes

The State geoscience agencies can be helpful irseveral kinds of technical reports. These reports are useful

identifying such geologic maps.

in many earth science disciplines, including engineering

geology and hydrology; most are listed in annual catalogs
and bibliographies.
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e. USGS Publications.—Publications catalogs have f. USGS Software, Data, and Related
been published annually. This USGS information has beerProducts.—The USGS has published (and released in other
available since 1982; earlier publications are compiled intoways) computer software.
larger catalogs:

The USGS Open-File Report 89-681 (available from the
¢ Publications of the U.S. Geological Survey, 1971-81 ESIC Open-File Report unit) lists USGS software published
¢ Publications of the U.S. Geological Survey, 1962-70 as of June 1989 [7]. The individual publications describing
¢ Publications of the U.S. Geological Survey, 1879- or containing computer programs are also listed in USGS

1961 publications catalogs and in other references listed above.

These are available from USGS Distribution and from For many parts of the country, the USGS also has digital
ESICs. A monthly list, "New Publications,” of new USGS data useful in many earth science investigations:
publications is available free from USGS. Bibliographies of
USGS publications on kxted topics are available as e DLGs, i.e., digital map data such as roads, streams,
open-file reports, bulletins, and other publications. and boundaries

e DEMSs, i.e., digital map data showing topography
Additional unpublished bibliographies on selected geologic e digital versions of land use and land cover data
topics are also available from the Geologic Inquiries Group e geographic names information
(GIG). e stream gauge data

e water well data
A complete bibliography of USGS publications, "Publica- e geophysical logs
tions of the U.S Geological Survey" [2], includes e other kinds of data
information on all but the topographic maps described above
and is available on CD ROM from the American Geological One can check on data bases available in the Earth Science
Institute GeoRef Information System. Other selectedData Directory and contact an ESIC for more information
references are listed in the bibliography [3, 4, 5, 6]. on access to USGS data.

Several USGS data bases of bibliographic and similar g. USGS Remote Sensing Products.—The USGS
information are available to help identify USGS products: has acquired many aerial photographs, orthophotos, satellite
photographs, and many kinds of satellite imagery such as:
e Earth Science Data Directory lists earth science data
files and data bases from many sources, including e Landsat multispectral scanner (MSS)

many outside the USGS. e Landsat thematic mapper (TM)
e Map and Chart Information System is a data base e side-looking airborne radar (SLAR)
listing USGS and other maps and charts. ¢ advanced very-high resolution radiometer (AVHRR)

Cartographic Catalog is aath base listing kinds of

maps and such map-related information as mapAerial photographs are available for the entire United States,
dealers, geographic software vendors, and producerand in many places, an option of scales and acquisition dates
of globes. is available. Orthophotos are made from aerial photographs
e Aerial Photography Summary Record System is athat have been geometrically corrected to eliminate
data base for information about aerial photographicdisplacements present in the iabphotographs; these are
coverage of the United States. available for many parts of the country. For assistance, in
GEOINDEX is a data base of bibliographic and ordering any kind of aerial photograph or satellite image,
related information about geologic maps of the contact an ESIC for help in identifying the best coverage,
United States. which varies depending on how it will be used.

Library data base provides bibliographic information

about recent acquisitions of the USGS library; this The USGS has also collected geophysical data, including
data base includes many non-USGS publications. gravity data, aeromagnetic and aeroradioactivity. For
Selected Water Resources Abstracts presents abstraaiietailed information about the availability of these kinds of
of water resources reports and articles published bygeophysical data for a specific area, contact the USGS
many organizations.
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Branch of Geophysics. Information about magnetic

declination is available from the National GeomagneticUSGS Libraries

Information Center. The National Uranium Resource
Evaluation (NURE) program collected a large amount of
general aeromagnetic data and stream-sediment-sample
geochemical data for most of the country; NURE data are
available in published form from the ESIC Open-File Report
unit and in digital form from the EDC. For more
information on remote sensing, see section 2-3.

h. Access to USGS Data Bases.—

Earth Science Data Directory (ESDD)
On several CD-ROM products, on-line, ESDD Project
Manager, U.S. Geological Survey, 801 National
Center, Reston VA 22092.

GEOINDEX
On several CD-ROM products and available for

Library, U.S. Geological Survey, 950 National Center,
Reston VA 22092.

Cartographic Information Center, 952 National Center,
Reston VA 22092.

Library, U.S. Geological Survey, MS 955,
345 Middlefield Rd., Menlo Park CA 94025.

Library, U.S. Geological Survey, MS 914, Bldg. 20,
PO Box 25046, Denver Federal Center, Denver CO
80225.

Library, U.S. Geological Survey, 2255 North Gemini
Dr., Flagstaff AZ 86001.

personal computer style microcomputers as USGSNTIS

Open-File Report 91-575.

Selected Water Resources Abstracts (SWRA)
On several CD-ROM products, online, on Dialog
(file 117), and through the WAIS system on Internet.

i. Sources of USGS Products.—

USGS Distribution
Distribution, U.S. Geological Survey, PO Box 25286,
Denver Federal Center, Denver CO 80225.

Open-File Reports
ESIC Open-File Report unit, U.S. Geological Survey,
PO Box 25425, Denver Federal Center, Denver
CO 80225.

ESICs
Reston ESIC, 507 National Center, Reston VA 22092
(1-800-USA-MAPS).

National  Technical Information  Service,
U.S. Department of Commerce, 5285 Port Royal Rd.,
Springfield VA 22161.

New Publications and monthly list

USGS New Publications, 582 National Center, Reston
VA 22092.

Commercial map dealers

Local map @alers are listed in theelephone yellow
pages under "Maps." A map information specialist at
ESIC's toll-free telephone number, 1-800-USA-MAPS,
also provides names and addresses of map dealers for
anywhere in the United States.

Earthquake information

National Earthquake Information Center,
U.S. Geological Survey, MS 967, PO Box 25046,
Denver Federal Center, Denver CO 80225.

USGS publications CD-ROM

Washington, DC ESIC, U.S. Department of the
Interior, 1849 C St., NW, Rm. 2650, Washington
DC 20240.

American Geological Institute, GeoRef Information
System, 4220 King St., Alexandria VA 22302-1507.

Guide to USGS maps

GIG Documents Index, Inc., PO Box 195, McLean
Geologic Inquiries Group, U.S. Geological Survey, VA 22101.
907 National Center, Reston VA 22092.
Soil surveys

EDC
EROS Data Center, U.S. Geological Survey, Sioux
Falls SD 57198.
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Out-of-print maps related to the type of rock from which they are derived, but
U.S. National Archives, Cartographic Branch if the soil has been transported, it may overlie an entirely
(National Science Foundation [NSF] Network Service different rock type. When the influence of climate, relief,
Center [NNSC]), Washington DC 20408, and geology of the area is considered, reasonable

predictions can be made of the type of soil which will be
j. USGS Topographic Maps.—A topographic map is  encountered or of the association with a particular parent
useful in the design and construction of most civil material. Subsurface conditions can often be deduced from
engineering structures. Before undertaking the painstakinghe three-dimensional information given on geologic maps.
job of mapmaking, a thorough search should be made foiThese maps are especially valuable in areas where only
existing maps which cover the area of the structure andimited information on soils or agricultural classifications
potential sources of construction materials. The USGS hagre available; for example, in arid or semiarid regions
made a series of standard topographic maps covering thehere soils are thin.

United States and Puerto Rico.

Commonly available general purpose geologic maps

The unit of survey for USGS maps is a quadrangle boundede.g., USGS-type maps) are not detailed enoughiter s

by parallels of latitude and meridians of longitude. specific needs. Geology for engineering exploration,

Quadrangles are available generally covering 7.5 minutesgesign, and construction must be generated for the specific

15 minutes, and 30 minutes of latitude and longitude, andapplication. Horizontal scales of 1 in to 50 or 100 ft and

possibly at several scales such as 1 : 24,000 (1 inch equat®ntour intervals of 1 to 5 ft are common. Site-specific

2000 feet for 7.5 minutes of latitude and longitude). Eachmaps are usually generated using aerial photographs flown

guadrangle is designated by the name of a city, town, ofor the application, although small maps may be prepared

prominent natural or historical feature within it; the margins using plane table or ground survey data.

of each map are printed with the names of adjoining

guadrangle maps. In addition to published topographicSite geologic maps are used for the design, construction,

maps, the USGS has other information for mapped areasand maintenance of engineering features. These maps

for example, location and true gett podtion of concentrate on geologic and hydrologic data pertinent to the
triangulation stations and elevation of permanentengineering needs of a project and do not address the
benchmarks established by the USGS. academic aspects of the geology.

River survey maps are important to dam planning. ThesdRocks are identified on geologic maps by name and geologic
are topographic strip maps that show the course and fall ohge. The smallest rock unit mapped is generally a
a stream; configuration of the valley floor and the adjacentformation, but smaller subdivisions such as members or
slopes; and locations of towns, scattered buildings orbeds may be delis¢ed. A fomation is an individual bed
houses, irrigation ditches, roads, and other cultural featuresor several beds of rock that extend over a fairly large area
River survey maps were prepared in connection with theand can be clearly differentiated from overlying or
classification of public lands; hence, most of them are ofunderlying beds because of a distinct difference in lithology,
areas in the Western United States. If a valley is less thastructure, or age. The areal extent of these formations is
1.6 km (1 mi) wide, the topogphy is usally shown to  indicated on geologic maps by means of letter symbols,
30 m (100 ft) or more above the water surface; if the valleycolor, and symbolic patterns.
is flat and wide, topography is shown for a strip of 1.6 to
3.0 km (1 to 2 mi) parallel to the river or stream. The usualGeologic maps often show one or more geologic sections.
scale is 1 : 31,680 or 1 : 24,000, and the normal contouA section is a graphic representation of the disposition of the
interval is 6 m (20 ft) on land and 1.5 m (5 ft) on the water various strata in depth, along an arbitrary line usually
surface. Many of these maps include proposed damsites amarked on the map. Geologic sections are interpretive and
larger scale topography and show a profile of the stream. should be used with that in mind. The vertical scale may be
exaggerated. Sections prepared solely from surface data are
k. USGS Geologic Maps.—Important information is  less accurate; sections prepared from boring records or
obtainable from geologic maps. These maps identify themining evidence are more reliable. Acson compiled to
rock units directly underlying the project area. show the sequence and stratigraphic relations of the rock
Characteristics of rocks are of major importance in selectioruinits in one locality is called a columnar section; it shows
of a damsite and in design of water-retaining andonly the succession of strata and not the structure of the
conveyance structures. Many surface soils are closelypeds as does the geologic section.
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Several types of geologic maps are available. A bedrock ogiven for agricultural and certain nonagricultural uses. Each
areal geologic map shows a plan view of the bedrock andeport includes a map of the area surveyed (usually a
surficial materials in the area. This type of map shows thecounty) showing by pedological classification the various
boundaries of formations, inferred where the units arekinds of soils present. In addition to published soil maps,
covered by soil or plant growth, and may include one ormany areas are shown in which individual farms and
more geologic sections. Areal maps do not show soil exceptanches are mapped using the sametesysof soll
for indicating thick deposits of alluvial, glacial, or wind- classification and interpretation.
blown materials. In areas of complex geology where
exposures of bedrock are scarce, location of the contactégricultural soil maps can be obtain from the State or local
between formations is often indicated as approximate.office of the NRCS, from a county agent, or from a
Surficial geologic maps differentiate surface materials of thecongressional representative. Many libraries keep published
area according to their geologic categories such as streasoil surveys on file for reference. Also, resources
alluvium, glacial gravel, and windblown sand. These mapsconservation district offices and county agricultural
indicate the areal extent, characteristics, and geologic age a@xtension offices have copies of local soil surveys that can
surface mateals. Areal (bedrock) geologic maps of be used for reference. Out-of-print maps and other
moderately deformed areas often show enough structuralnpublished surveys may be available for examination from
detail to provide an understanding of the structural geologythe USDA, county extension agents, colleges, universities,
of that region; in many instances, generalized subsurfacand libraries. Using the agricultural soil classification
structure can be deduced from distribution of the formationssystem, soil surveys have been made for many river basins
on the map. In highly complex areas, where a great amourit the 17 Western States to classify land for irrigation based
of structural data is necessary for an interpretation of theon physical and chemical criteria. Inquiry should be made
geology, special structural geologic maps are prepared. at the local Reclamation area offices concerning availability
of soil data for these areas.
In addition to giving the geologic age of mapped rocks,
some maps briefly describe the rocks. Many maps,When applying agricultural soil maps to exploration for
however, lack dithologic description. An experienced foundations and construction materials, some knowledge of
geologist may make certain assumptions or generalizationthe pedological system of classification is necessary. This
based only on the age of rock by making analogies withsystem is based on the premise that water leaches inorganic
other areas. Geologic literature on the entire area must beolloids and soluble matet from upper layers to create
consulted for more detail and for certain identification of the distinct layers of soil. The depth of leaching action depends
lithology. Engineering information can be obtained from on the amount of water, permeability of the soil, and length
geologic maps if the user has the appropriate backgroundf time involved. The surface layer lacks in fines which are
and experience. It is possible to prepare a preliminaryaccumulated in a subsurface layer containing these fines in
construction materials map by study of a basic geologicaddition to its original fines. Deep soil beneath the
map, together with all collateral geologic data that pertain tosubsurface layer has been little affected by water and
the area shown. Similarly, preliminaryufedation and remains essentially unchanged. Exceptions are in the
excavation conditions, as well as surface and ground-wateSoutheastern United States (or other humid areas) where
data, can be deduced from geologic maps. Suclsome soils are weathered to greater depths.
information is valuable for preliminary planning activities
but is not a substitute for detailed field investigations duringThree layers are typically developed from the surface
the feasibility and specifications stages. downward: theA horizon, theB horizon, and the
C horizon. In some soils, aa horizon (a more leached

I. Agricultural Soil Maps.—A large portion of the  horizon) is between th& and B horizons. In detailed
United States has been surveyed by the USDA. Theseéescriptions, these horizons may be subdividedAntd\,,
investigations are of surficial materials. The lower limit of B, B,, etc.
soil normally coincides with the lower limit of biological
activity and root depth. Soils are examined down to rock orSoils of the United States are divided into main divisions
down to 2 m (80 in}possibly deeper in some cases. Soils depending on the cause of profile development and on the
are classified according to soil properties including color, magnitude of the cause. The main soil divisions are further
structure, texture, physical cdistion, chemical divided into "suborders," then into "great groups" based on
composition, biological characteristics, and morphology. the combined effects of climate, vegetation, and topography.
The USDA publishes reports of these surveys in which thewithin each "great group,” soils are divided into soil series,
different soils are described in detail; interpretations areof which each has the same degree of development, climate,
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vegetation, relief, and parent material. In the pedologicalThe following example is taken from the Soil Survey Data
classification system, all soil profiles of a certain soil seriesBase available from offices of USDA's Natural Resources
are similar in all respects, except for variation in texture orConservation Service. The "Cecil Series" is described by
grain size of the topsoil oA horizon. Typically, the soil a general geographical distribution of the series, the rocks
series are named after a town, county, stream, or similafrom which it was derived, and information on climate. A
geographical source where the soil series was firscomparison is made to series with associated or related soil

identified. series.  Additional discussion concerns the range in

characteristics of the Cecil Series as well as: relief,
The final soil mapping unit, which is called the soil phase, drainage, vegetation, land use, and remarks; and
consists of the soil series name plus the texturaldistribution of the series by States and location. A soll

classification of the topsoil gk horizon plus other features pedon description for the Cecil Series is given as follows.
such as slope, flooding, etc. The USDA's textural

classification system is different from the Unified Soil

Classification System used for engineering purposesThe Cecil Series consists of very deep, well-drained,
Figure 2-1 shows textural classification of soils used bymoderately permeable soils on ridges and side slopes of the

USDA [8]. The chart shows terminology used for different Piedmont uplands. They are deep to saprolite and very deep
percentages of: to bedrock. They formed in residuum weathering from felsic
crystalline rocks of the Piedmont uplands. Slopes range from
0to 25 percent. Mean annual precipitation is 1220 mm (48 in)

eclay ..... paticles smaller than 0.002 mm, . . "

o silt 0002 to 0.05 mm. and and mean annual temperature is 15 °C (59 °F) near the type
""" ’ ' location.

esand ..... 0.05 to 2.0 mm.

Taxonomic Class:
Kanhapludults

. . . Clayey, kaolinitic, thermic Typic
Note the term "loam" is a mixture of sand, silt, and clay

within certain percentage limits. Other terms (used as
adjectives to the names) obtained in the USDA system are:  Typical Pedon: Cecil sandy loam—forested. (Colors are

for moist soil unless otherwise stated.)

e gravelly . . . rounded and subrounded particles from
2to 75 mm, Oi— 50 to 0 mm (2 to 0 in); very dark grayish brown
e cobbly ... 75to 250 mm (3 to 10 in), and (2.5Y 3/2) partially decayed leaves and twigs. 0 to
e stony . ... dzes greater than 250 mm (10 in). 75 mm thick (0 to 3 in).
The textural classificatiengiven as part of the soil name on A- 01050 mm (0 to 2in); dark grayish brown (10YR
the agricultural soil magprefers to material in th& horizon 4/2) sandy 'f)am’ weak med'”,m granular structure;
. . . very friable; many fine roots; strongly acid; clear
only; hence, this is not of much value to an engineer . .
. . . . . L . wavy boundary. 50 to 200 mm thick (2 to 8 in).
interested in the entire soil profile. The combination of soil
series name and textural cllassification to form a §0i! _type, E— 50to175mm (2to 7 in); brown (7.5YR 5/4) sandy
however, provides a considerable amount of significant loam; weak medium granular structure; very
data. For each soil series, the fOIIOWing can be obtained: friable; many fine and medium roots; few pebbles
of quartz; strongly acid; clear smooth boundary. 0
e texture, to 250 mm thick (0 to 10 in).
e degree of compaction,
* presence or absence of hardpan or rock, BE - 175 to 275 mm (7 to 11 in); yellowish red (5YR
« lithology of the parent material, and 4/8) sandy clay loam; weak fine subangular blocky
« chemical composition. structure; friable; few fine and medium roots;
strongly acid; clear smooth boundary. 0 to 200
A table of estimated engineering sieve sizes, the Unified mm thick (0 to 8 in).
Soil Classification System and American Association of o, o0, oo (11 o 28 in): red (2.5YR 4/8) clay:

State Highway and Transportation Officials (AASHTO)
classification, and Atterberg limits are included in each
published soil survey. In addition, actual test data from the
survey area is published in some cases.
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Adapted from "Supplement to Soil Classificotion
System (7th Approxlmotlon} 5CS,
©  USDA, Second Printing, Mfarch1 1967,
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LAV ATA WaVa VAV W VaY VAVAVAVAVAVLVAVAVAY sV V.V
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ADAAAIC LI XXX AANX LGy clay
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Percent sand
— e

* Very fine sand {0.05 - 0.1) is treated as silt for family groupings;
coarse fragments are considered the equivalent of coarse sand in
the boundary between the silty and ioamy classes.

COMPARISON OF PARTICLE-SIZE SCALES

Sieva Opanings in Inches U. 5. Standard Sieve Numbers
1 712 1% 2% 4 10 20 4060 200
Tt 81 1 i FITTTETIT TV
SAND
SILT CLAY
usDA CRAVEL r,:. 4 Couru[llldmm[ Fine [ gf::
UMIFIED CRAVEL SANC SILT OR CLAY
Coorse [ Fina Coarse f Madium I Fine
AASHO GRAVEL OR STOMNE SAND SILT — CLAY
Coarse [Hcdiun I Fine Ceorse I Fina Site I Clay
(U0 T I 4 1 O T I U | | L1 | |
160 50 10 5 Fi 1 0.570.42 0.25 0.1 \ 0.05 002 0.01 0005 0.00Z 0.001

Grain sllﬁ in Millimaters 0.0?4 Wres BEE-mTATTEVHLLE, MB. -.n-

Figure 2-1.—Saoil triangle of the basic soil texture classes. (Natural Resources Conservation Service)
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Bt2 — 700 to 1000 mm (28 to 40 in); red (2.5YR 4/8) e nearness to towns, roads, and railroads,
clay; moderate and weak medium subangular e electric power, and
blocky structure; firm; sticky, plastic; common thin e similar data.

clay films on faces of peds; few to common fine
flakes of mica; strongly acid; gradual smooth
boundary. [Combined thickness of the Bt horizon
is 600 to 1200 mm (24 to 48 in).]

2-3. Remote Sensing Techniques .—

a. General-Remote sensing is defined as the act of
Bt3 - 1000 to 1275 mm (40 to 50 in): red (2.5YR 5/8) gath_erin.g data conce.:rni'ng the earth's . sur.face without
clay loam; common medium distinct strong brown coming into contact with it. Remote sensing is performed
(7.5YR 5/6) mottles; weak medium subangular using devices such as cameras, thermal radiometers,
blocky structure; friable; few thin distinct clay films multispectral scanners, and microwave (radar) detectors.
on vertical faces of peds; common fine flakes of Engineering and geologic interpretation of remotely sensed
mica; strongly acid; gradual smooth boundary. data may be simple or complicated, depending on the nature
175 to 500 mm thick (7 to 20 in). of the data and the objective of the study. Remote sensing
is a tool which makes some tasks easier, which enables
C- 1275t01900 mm (50to 75in); mottledred (2.5YR  gsome tasks to be performed that could not otherwise be
5/8), strong brown (7.5YR 5/8), and pale brown accomplished, but which may be inappropriate for other
(10YR 6/3) loamy saprolite of gneiss; common 555 Depending on the situation, remote sensing may be
ﬁsgigiezfof‘lzclgég}ow;?s;vceié friable; common extremely valuable or totally inappropriate. Some remote
' ' sensing interpretations can be used directly and with
confidence; but for most applications, field correlations are
essential to establish reliability. Appropriate specialists
should be consulted when evaluating situations to determine
if remote sensing methods can provide useful data.

Type Location: Note. — The county, state, and detailed
directions are given to locate the particular parcel surveyed.

Agricultural soil classifications used for engineering )
purposes are of limited value. Information of this type is b.- Nonphotographic.—
qualitative rather than quantitative; but, if carefully
evaluated, agricultural soil classifications can often be used 1. Scanners.—Electronic sensors are used that have
to advantage in the reconnaissance stage and in plannirl§ss spatial resolution than photographs, but which can
subsurface exploration. Additional information of how soil obtain a variety of spectral data and thus allow a wide
surveys are made is covered in 8@l Survey Manug®], variety of image processing and enhancement techniques.
an in-house publication of the Natural ResourcesScanners can be either airborne or satellite.
Conservation Service.

2. Video.—A television type system is used. Video
The agricultural soil survey report is designed to providesystems still have lower spatial resolution than photographic
information useful to the farmer and to the agricultural cameras, but provide products more quickly and are
community. However, in addition to the soil maps and soil€xcellent for reconnaissance type work. They are highly
profile descriptions contained in these reports, otheruseful for mapping and monitoring linear features such as
valuable information is included. The reports discuss:  rivers and canals.

e topography, c. Resolution.—

e ground surface conditions,

e obstructions to movement on the ground, 1. Spatial.—The sharpness of an image and the
e natural vegetation, minimum size of objects that can be distinguished in the
e size of property parcels, image are a function of spatial resolution.

e land utilization,

e farm practice and cropping systems, 2.  Spectral—The width of a part of the

e meteorological data, electromagnetic spectrum is the spectral resolution. Certain
e drainage, portions of the electromagnetic spectrum, including the
e flood danger, visible, reflective infrared, thermal infrared, and microwave
e irrigation, bands, are useful for remote sensing applications. Materials
e water supply and quality, have spectral signatures and distinctive absorptive and
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reflective spectral characteristics which allow them to besoil science will assist in interpreting aerial photographs for

recognized. Given sufficient multispectral data, digital engineering uses. Aerial photographs are often used for

image processing can produce unique spectral signatures locating areas to be examined and sampled in the field.

be identified. Instrument limitations, cost limits on

computer processing, or lack of spectral contrast mayVirtually the entire United States has been covered by aerial

preclude unambiguous identification of some materials.  photography. An index map of the United States is

available from the USGS and USDA. This map shows

d. Photography.—Photography provides the best which of seven Government agencies can provide

spatial resolution, but less flexibility in spectral data photographic prints for particular areas. When ordering

collection and image enhancement. photographs, specify:

1. General.—Several types of aerial photographs are » Contact prints or enlargements, glossy, matte finish,

available. An aerial photograph is a picture of the earth's or Cronapague
surface taken from the air. It may be a vertical photograph e Location should be given by range, township, and
or an oblique photograph more or less inclined. High section, latitude and longitude
oblique photographs include the horizon; low obliqgues do e State and county and the preceding location(s) can be
not. The vertical photograph is commonly used for shown on an enclosed index map of the area.
topographic mapping, agricultural soil mapping, vegetation e Where possible, use the airphoto index to determine
mapping, and geological interpretations. project symbol, film roll number, and exposure
number to expedite the request.

2. Panchromatic.—Panchromatic photography e Stereoscopic coverage should be requested for most

(black and white) records images essentially across the uses.

entire visible spectrum. In aerial photography, blue is

generally filtered out to reduce the effects of atmosphericAerial mosaics covering some of the United States are also

haze. available. A mosaic is an assemblage of individual aerial
photographs fitted together to form a composite view of an

3. Natural Color.—Images are recorded in natural entire area of the earth. An index map showing the

visible colors. In addition to black and white aerial availability of aerial mosaics of the United States, including

photographs available as contact prints, color photographyhe coverage and the agencies holding mosaic negatives, is

can be obtained either as positive transparencies or opaquvailable from the USGS Map Information Office.

prints, black and white infrared, or color infrared. By using

appropriate film and filters, photography may be obtainedEquipment is commercially available to produce

ranging from ultraviolet to near infrared. orthophotographs that have a uniform scale and from which
radial and relief displacement due to topography have been

4. Multispectral.—Photographs acquired by multiple removed. Orthographs overprinted with contour lines can
cameras simultaneously recording different portions of thebe acquired, if desired.
spectrum can enhance interpretation. Multiband cameras
employing four to nine lenses and various lens, filter, andAerial photograph interpretation of earth materials and
film combinations make possible photoging within narrow  geologic features is ratively simple and straightforward,
wavelength bands to emphasize various soil, moisturebut experience is required. Diagnostic features include

temperature, and vegetation effs to aid photo terrain position, topography, drainage and erosional
interpretation. features, color tones, and vegetation cover. Interpretation

is limited mainly to surface and near-agé condions.
Except where dense forest cover obscures large areas, aerfpecial cases arise, however, where features on a
photographs reveal every natural and human endeavor ophotograph permit reliable predictions to be made of deep,
earth within the resolution of the photographic system.underground conditions. Although interpretation can be
Relationships are exposed which could not be detected ofe¢ndered from any sharp photograph, resolution is a limiting
the ground under normal or routine surface investigation.factor because small-scale photographs limit the amount of
Identification of features shown on a photo is facilitated by detailed information that can be obtained. The scale of 1:
stereoscopic examination. Knowledge of geology and of20,000 is satisfactory for some engineering and geologic
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interpretation of surface materials. Small-scale photographghotograph, whereas it may be difficult to find them on the

are used for highly detailed work such as for reservoirground. The general attitude, bedding, and jointing of

clearing estimates and for geologic mapping of damsites anéxposed rock strata, as well as the presence of dikes and

reservoir areas. intrusions, can often be seen in aerial photographs. The
possibilities of landslides into open cuts and of seepage

Aerial photographs can be used to identify many terrainlosses from reservoirs can be assessed.

types and landforms. Stereoscopic photograph inspection of

regional topography, local terrain features, and drainagdrigures 2-2 and 2-3 are examples of identifiable geologic

conditions usually will suffice to identify the common features determined from aerial photographs by an

terrain type. This permits the possible range in soil andexperienced interpreter using stereoscopic procedures.

rock materials to be anticipated and their characteristics to

be defined within broad limits. 5. Color Infrared.—Images use part of the visible
spectrum and part of the near infrared, but resultant colors

Geologic features that may be highly significant to the are not natural. Infrared film is commonly used and is less

location or performance of engineering structures can ofteraffected by haze than other types.

be identified from aerial photographs. In many instances,

these features can be more readily identified on an aeriaDther remote sensors use thermal, infrared, microwave, and

photograph than on the ground. However, aerialradar wavelengths. Such phenomena as differences in the

photograph interpretation is applicable only to those featuregarth's gravity and magnetic properties may be measured to

that develop recognizable geomorphic features such aafford additional interpretive tools.

surface expressions such as drainage patterns, old river

channels, and alignment of ridges or valleys. Jointsystems, e. Thermal Infrared Imagery.—Thermal infrared

landslides, fault zones, lineations, folds, and other structurasystems create images by scanning and recording radiant

features are sometimes identified quickly in an aerialtemperatures of surfaces. Some characteristics of thermal

Figure 2-2.—Rock strata illustrating folding in sedimentary rocks. (A) Satanka
formation, (B) Lyons formation, (C) Morrison formation, and (D) Lower and Middle
Dakota formation. (U.S. Forest Service)
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Figure 2-3.—Sinkhole plain indicating deep plastic soils over cavernous
limestone, developed in humid climate. (Natural Resources Conservation Service)

image data produce digital image data which enableresolution and information content. Scanner systems consist
computer image processing, and others are unique tofscanning mechanisms, spectral separators, detectors, and
thermal infrared images which makes them valuabledata recorders.
interpretive tools.

Because a digital image is actually an array of nicakr
Thermal infrared imagery can be analyzed usingdata, the image can be manipulated by a computer for a
conventional photo interpretation techniques in conjunctionvariety of purposes. Geometric distortions caused by sensor
with knowledge of thermal properties of materials and characteristics can be removed, or distortions can be
instrument and environmental factors that affect data.introduced if desired. Computer processing can be used to
Where thermal chacteristics of a material are unique, precisely register a digital image to a map or another image.
thermal infrared imagery is easily and confidently Various techniques can be used to improve image quality
interpreted. Vegetation patterns can be distinguished andnd interpretability. Various types of data (for example,
can relate to subsurface conditions such as seepage beneditiermal and visible imagery or a digital image and digitized
or through an existing dam. However, thermal gravity data) can be merged into a single image. Subtle
characteristics of a material can vary with ambientinformation, difficult to interpret or even to detect,
temperature, moisture content, differential solar heating, andometimes can be extracted from an image by digital
topography, and make interpretation difficult and processing.
ambiguous.

1. Airborne MSS Imagery.—Image characteris-

f.  Multispectral Scanner Imagery (MSS).—MSS tics—A number of different airborne MSS systems are
images are a series of images of the same target, acquiredailable with various spatial andespral chaacteristics.
simultaneously in different parts of the electromagnetic Some systems are capable of recording 10 or more spectral
spectrum. The MSS images are an array of lines ofbands simultaneously, ranging from ultrdetoto thermal
sequentially scanned digital data, as opposed to thénfrared. Typical digital image processing techniques are
simultaneously exposed area of a photograph. They mawsed. The size of data sets and the number of separate
have unique distortions and may or may not have highspectral bands on some airborne MSS systems may require
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data consolidation or carefuklection of @ta subsets for interpreted. Resolution is affected by several factors, and
special processing. Typically, interpretation involves the reflectivity of target materials must be considered.
normal photointerpretive techniques along with knowledgeAnalysis and interpretation of radar imagery require
of spectral characteristics and the data manipulationknowledge of the imaging system, wave length polarization,
applied. look angle, and responses of target materials.

Advantages and limitationsHigh resolution can Advantages and disadvantageRadar can

be obtained; and with proper band selection and processingpenetrate clouds and darkness and, to some extent,

even geochemical information may be possible fromvegetation or even soil. Distortions and resolution can

imagery. Depending on complexity of the geology or othercomplicate interpretation, as can a lack of multispectral

features and on the size of the area studied, the necessanformation.

digital processing can become costly and may require

considerable experimentation to obtain satisfactory results.  h. Applications to Geotechnical Engineering and
Geology.—In general, the most useful form of remote

2. Satellite MSS Imagery.—Landsat is the sensing for geotechnical applications is aerial photography

U.S. satellite for civilian remote sensing of Earth's land because of its high resolution, high information content, and

surface. The Landsat MSS records four broad bands at 80ew cost. Various scales of aerial photographs are valuable

meter resolution. Though primarily oriented toward for regional studies and site studies, for both detection and

agricultural applications, it has proved useful for somemapping of a wide variety of geologic features of

geologic applications. The current Landsat is equipped withmportance to engineering investigations.

a thematic mapper (TM), which enhances spatial and

spectral resolution compared to the MSS. The TM recordsApplication of other forms of remote sensing to engineering

seven narrow bands at 30-meter resolution and is morevork depends on the nature of the problem to be solved and

useful for geologic and geotechnical engineeringthe characteristics of site geology or other features. Some

applications. problems can be best solved using remote sensing; for
others, remote sensing is of no value. In some cases, the

A French satellite, Satellite Pour I'Observation de la Terreonly way to determine if remote sensing can be useful is to

(SPOT), provides panchromatic imagery with up to try it

10-meter spatial resolution and MSS imagery at 20-meter

resolution and is capable of stereo imaging. i. Availability of Imagery.—The entire United States
has been imaged by the Landsat MSS. Partial Landsat TM

Satellite imagery provides a synoptic view of a large areaand SPOT coverage of the United States is also available.

which is valuable for regional studies, but the limited The SLAR coverage of a portion of the United States is

resolutions currently available restrict its value for available. Other types of imagery are also available, but

engineering geology and geotechnical work. generally only for limited areas.

9. Radar Imagery.—Radar is an active remote sensing J. Mission Planning.—Numerous factors make
method (as opposed to passive methods like photographglanning a nonphotographic mission more complicated than
and thermal infrared) and is independent of lighting planning for a conventional aerial photographic mission.
conditions and cloud cover. Some satellite radar imagery iRRemote sensing mission planning should be done by, or in
available, but like Landsat, it is more useful for regional consultation with, an expert in the field.
geologic studies than for engineering geologic or
geotechnical application.  Side-looking airborne radar The cost of remote sensing data acquisition can be relatively
(SLAR) produces a radar image of the terrain on one side oaccurately eémated. However, cost of interpretation is a
the airplane carrying the radar equipment (equivalent to gunction of the time and image processing required; this cost
low-oblique airphoto). This imagery is useful when is difficult to estimate accurately. Some forms of data are
studying regional geologic faulting patterns and can be useéhexpensive to acquire and require little processing to be
to assist in determining specific sites for detailed faultuseful. Other forms may be costly to acquire and may or
investigations. may not require considerable processing.

Image characteristicsRadar imagery has some Two excellent reference books by Sabins [10] and Siegal
unusual distortions which require care when data areand Gillespie [11] deal with remote sensing. A thorough
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treatment of remote sensing by Colwell [12] includes amaterials and the energy required during the transportation
287-page chapter on geological applications with numerougprocess, leads to materials ranging from well to poorly
color images. graded.

2-4 Site Investigations and Land Form Types .— 1. Stream Channel Deposits.—Typically, high
energy stream channel deposits contain sands, gravels and
a. General.—Surface investigations are generally cobbles. Theige and extent of channel deposits can vary
limited to geologic mapping of water resource developmentgreatly. Channel deposits may comprise the entafieyw
sites, outlining areas of potential construction materials, andloor and may be quite deep. In a wide valley, a
assessing hazardous waste remedial sites. However, usefoleandering or braided stream may distribute channel
relationships exist between surface land forms and theleposits widely, resulting in thin, widespread layers or very
subsurface soil and rock conditions. The ability to irregular lenses of sand and gravel. These deposits can be
recognize these landforms on topographic maps, on aerigboorly to well graded and can provide sources of filter
photographs, and during preliminary site reconnaissancematerials and concrete aggregate. Stream channel deposits
when combined with a geologic knowledge of the area, isrepresent paths of potential high seepage. Variation in soil
very important when characterizing a site and when locatingoroperties, seepage, consolidation, and possible low shear
potential sources for construction materials. strengths may make them undesirable foundations for water
retention structures. Figure 2-4 shows an aerial view and
Soils in their geologic context are defined by their topography of river alluvium and terrace deposits.
mechanism of deposition which, in turn, usually results in
distinct landformgphysiographic surface expressions). A The presence of a high water table is often a major difficulty
good representation of the subswd soil engineering in using channel deposits for borrow. When borrowing of
characteristics can be made by detailedasigfmapping. material is being considered from a river deposit
However, a complete understanding of subsurface soilslownstream from a water retention structure, such
conditions can only be obtained through careful subsurfac®perations may change the tailwater characteristics of the
investigations. Knowledge of surface conditions can bestream channel, and the spillway and outlet works may have
used to economically lay out a subsurface investigationto be designed for the modified channel conditions.
program.
2. Flood Plain Deposits.—The low gradient sections
Most water resource development projects are sited in riveof nearly all streams have flood plains. Their surface
valleys containing a variety of soil (surficial deposits). expression is usually that of a smooth flat strip of land just
Typically, valley sedimentation consists of alluvial channel, above the stream channel. Clay, silt, and sand are typical
flood plain, and terrace deposits. Slope wash and colluviakoils of flood plains. Most flood plain deposits were once
materials, landslides, and alluvial fans are often found oncarried as sediment load while in the swiftly moving flood
the valley slopes but can also impinge upon the valley floor.water of a channel (high energy) but settled out on the flood
Side ridges, especially where auxiliary structures may beplain when water overflowed the channel and slowed (lower
sited, often contain residual soils forming in place. Otherenergy). In broad valleys, flood plains may be miles wide
types of surficial deposits that form structural foundations atand may be flooded on an annual or more frequent basis.
many Reclamation Projects are glacial, windblown (eolian), Flood plain deposits are often the source of the impervious
and lacustrine in origin. Thehydcal description and  zones for water retention structures.
properties of the types of soils most common to water
resource development projects are described below, and 3. Terrace Deposits.—Terraces are located above
some broad generalizations are made about the engineeringe flood plain (see fig. 2-4). They are usually elongate
characteristics and applications of these soil types associatatkposits along the streamcourse and have either a flat or a
with their particular landforms. slight downstream dip on their upper surface. They also
have well-delineated steep slopes, downward from the
b. Alluvial Deposits.—These deposits constitute the terrace on the stream side and upward on the valley wall
largest group of transported soils. Alluvial deposits areside of the terrace. Along degrading streams, the alluvium
stream transported and are usually bedded or lenticular, but terrace deposits generally has the same size range as
massive deposits may also occur. The different types ofdjacent channel deposits. Terrace deposits can be sources
sedimentary processes, combined with different sourceof sand and gravel, but often are of limited extent and may
require washing and processing.
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Figure 2-4.—Aerial view and topography of stream deposit showing river alluvium and
three levels of gravel terraces. (U.S. Geological Survey)
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Figure 2-5.—Aerial view and topography of an
alluvial fan, a potential source of sand and gravel.
(U.S. Geological Survey)

4. Alluvial Fan Deposits.—Alluvial fans are  Coarser material is deposited first and found on the steeper
typically gently sloping, fan-shaped masses of soil depositedslopes at the head of the fan, while the finer material is
in locations where an abrupt decrease in stream gradientarried to the outer edges. Grading of a fan depends on a
occurs (see fig. 2-5). Large alluvial fans, many miles in combination of source material, water velocity, and slope.
width and length, occur along mountain fronts, where steegn arid climates, where mechanical weathering generates
streams from mountain drainages spread out on relativelgoarser particles with assated steeper slopes, the fans
flat valley floors. Aggrading stream channels migrate may be composed largely of rock fragments, gravel, sand,
laterally along the surface of the fan as temporary channelsind silt.  If the source produces fine materials, large
are both eroded and filled. Much mixing of the soils may deposits of silty sands or sandy silts may occur. In humid
result, and lenticular, poorly to well-graded materials areclimates, where chemical weathering tends to generate finer
typical laterlly across the fan. In contrast, there is a particles and landforms have flatter slopes, the alluvial fan
longitudinal grading from the head to the toe of the fan.  can contain much more sand, silt, and clay. In the Western
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United States, all types of construction materials are foundand design teams regarding soil sampling and testing is
in alluvial fan deposits, but the percentages of clays aréamperative whenever structures must be founded on lake
generally small, and when used for impervious zones insediments.
water retention structures, may be erodible.
e. Glacial Deposits.—Glacial soils produced and

c. Slope Wash or Colluvial Deposits.—Slope wash is  deposited by Pleistocene continental ice sheets are prevalent
a general term referring to loose, heterogeneous soilsn a wide area across the Northern United States. Alpine or
deposited by sheet wash, or slow, continuous downslopenountain glaciation has also producedaihl soils in the
creep, usually collecting at the base of slopesiltsides. Rocky Mountains, the Sierra Nevada, the Cascades, and
Angular rock fragments are locally very common. The other high western mountain ranges and volcano flanks.
types of slope wash soils generally reflect the bedrock of theGlacial modifcation of valley shapes and deposition of
slopes on which they occur; that is, clays occur on slopeglacial soils are important to the siting, design, and
with shale bedrock, and sandy deposits on slopes witlconstruction of many water retention structures. Material
sandstone bedrock. Slope wash may typically vary fromdeposited by glaciers is generally divided into two classes:
thin deposits high on a slope to tens of feet thick near theg1) tills, which are deposited directly from or by the glacier;
base of the same slope and are often of low density. Slopand (2) outwash or glaciofluvial deposits, which are
wash deposits, where relatively thick, can provide gooddeposited by water issuing from the glacier.illsTand
materal for the impervious zones of water retention outwash deposits are often mixed in varying proportions,
structures. If rock fragments are too large and numerousand generalizations concerning the soil characteristics of any
these soils may be undesirable for construction purposesglacial land form are difficult to make. A separate
Unless located within the confines of the reservoir, shallowclassification is made for deposits laid down in lakes related

slope wash deposits often make undesirable borrow sourcds glaciation. These lake-related deposits are
due to the small volumes of material available. glaciolacustrine soils and are similar to lacustrine deposits.
d. Lacustrine Deposits.—Lacustrine deposits, or 1. Tills or Glacial Deposits.—Tills are glacial soils

lakebed sediments, are the result of sedimentation in stildeposited directly from glaciers ‘wibut subsequent
water. Lacustrine deposits are likely to be fine-grained siltreworking by outwash. Tills often form distinctive
and clay except near the deposit margins where currentandforms and are often described as soils of landforms such
from tributary streams may have transported coarseras morainal deposits. Tills are predominantly unsorted,
materials. Frequently, lacustrine stratification is so fine thatunstratified soils consisting of a heterogeneous mixture of
the materials appear to be massive in structure. Howeverglay, $lt, sand, gravel, cobbles, and boulders ranging
a color and grain size difference usually exists betweernwidely in size and shape. The gradation and types of rock
successive beds, and the layered structure often can keagments and minerals found in till vary considerably and
observed by drying a slice from an undisturbed sample.depend on the geology of the terrain over which the ice
Lacustrine soils are likely to be impervious, compressible,moved and the degree of postdepositional leaching and
and low in shear strength. Their principal use in waterchemical weathering. Certainagial ills may be used to
development projects has been for impervious cores irproduce impervious materials with satisfactory shear
earthfill dams, for impervious linings of reservoirs and strength, but removal of cobbles and boulders is necessary
canals, and for low embankments. These soils often haveo that the soil can be compacted satisfactorily. Where till
moisture contents exceeding optimum but can be used witlleposits have been overridden by ice, the resulting high, in-
careful moisture control. Treatments may include place density may make them satisfactory foundations for
excavation, transport to drying pads, and discing tomany hydraulic structures. Typical landforms often
accelerate the sun's drying action. In extreme cases, dryingomposed wholly or partially of till are:
can be accomplished using drying kilns if only small
guantities are required. e Till plain or ground moraine, which has ktf to
undulating surface.
Generally, lacustrine deposits provide poor foundations for e Terminal or end moraine (see fig. 2-6), usually in the
structures. The engineering characteristics of these deposits form of a curved ridge, convex downstream, at right
may be so questionable that special laboratory and field angles to the direction of ice advance and which
testing may be required even during the reconnaissance marks the maximum advance of a glacier.
design stage. Close coordination between the exploration
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e Lateral or medial moraines, or till ridges usually lacking in binder and are very pervious. Undisturbed loess
formed parallel to the direction of ice movement and has a characteristic structure marked by remnants of small
consisting of material carried on the surface of thevertical root holes that makes it moderately pervious in the
glaciers sides and center (see fig. 2-6). vertical direction. Figure 2-8 shows the structure of loess.

Although of low density, naturally dry loessial soils have a
2. Outwash or Glaciofluvial Deposits.—The fairly high strength when dry because of the clay binder.
meltwater from glaciers produces streams of water whichThis strength, however, may be readily lost upon wetting,
wash out and carry away material of all sizes that have beeand the soil structure may collapse. When compacted,
produced by glacial abrasion. The material is deposited iHoessial soils are impervious, moderately compressible, and
front of or beyond the margin of an active glacier. In of low cohesive strength, and they exhibit low plasticity.
contrast to tills, outwash deposits are usually sorted andJsually, loessial soils plot in the ML group or the
poorly stratified by stream action. Outwash deposits consisborderline ML/CL and SM/ML groups of the Unified Soils
of the same range of sizes, from fines to boulders, as tills Classification System [13, 14, 15]. Figure 1-22 shows a
steep cut face in loess.
Some landforms created by outwash deposits are outwash
fans, outwash plains, eskers, and kames. An outwash fan 2. Dune Deposits.—Although not as widespread as
is a fan-shaped accumulation of outwash deposited byoess, dune deposits are common in some Western States.
streams beyond the front of an active glacier. An outwashAlthough active dunes are easily recognizable because of
plain is formed by numerous coalescing outwash fans.their exposed soils and typical elongated ridge shape that is
Eskers, remnants of the beds of glacial streams that onceansverse to prevailing winds or a crescent shape that is
flowed under théce, are winding ridges of sand, gravel, convex upwind, inactive dunes may be covered with
and cobbles that are excellent sources of pervious materialsegetation or detritus so that their extent is not immediately
filter materials, and concrete aggregate. Kames are moundsbvious. Dune deposits are usually rich in quartz minerals
or short ridges that are composed of materials similar taand uniform in grain sizeusually in the range of fine- to
those of eskers and that were typically deposited bymedium-grained sand. These sands have no cohesive
subglacial streams at the margins of glaciers. strength, moderately high permeability, and moderate
compressibility, although density and associated

f. Eolian Deposits.—Eolian soils have been compressibility often vary widely. Geradly, dune sands

transported and deposited by the wind. Eolian soils ardfall in the SP group of the Unified Soil Classification
composed mainly of silt and/or sand-sized particles. TheySystem. In their natural state, dune sands are extremely
very often are of low density, have low bearing strength, poor materials on which to site hydraulic structures. They
and are generally poor foundations for typical water erode easily in canal prisms and are generally poor
resource structures. When used as foundations, detaileidundations for footings. Cut slopes in dune sands will
explorations defining the extent and physical properties ofstand only at the angle of repose or flatter, whether in the
the eolian deposits are necessary. Density data are vewet or dry state. If excavated underwater, slopes will flow
important, and this information, combined with Atterberg (run) until the angle of repose is reached. Dune deposits are
limits data, can be used to assess collapse potential of thesually subject to liquefaction and seepage problems where
soils. The most common eolian soils are loessdame they are present in the foundation of existing dams.
deposits. However, dune deposits can be a good source of material
for uniform-grain-size filters.

1. Loess.—Large areas of the Central and Western
United States, especially the Mississippi and Missouririver  g. Residual Soils.—Residual soils are derived from in-
drainage system, the High Plains, the Snake River Plain, thplace chemical and mechanical weathering of parent rock,
Columbia Plateau, and some of the Basin and Range valleyand differ from all of the other soils discussed in this section
are covered with loess. Figure 2-7 shows typical loessiain that they are not transported and are not associated with
topography by map and aerial photograph. These depositgnique landforms. The nature of these soils depends on the
have a remarkable ability for standing in vertical faces, texture, structure, and mineralogy of the parent rock,
although Ieal sloughing and erosion occur with time. climate, rate of surface erosion, ground-water table, and
Loess consists mostly of particles of silt or fine sand, withlocal vegetation. Because of the many factors affecting the
a small amount o€lay that binds the soil grains together. development of residual soils, at any one site there may be
Loessial deposits may contain sandy portions which aregreat variability laterally and vertically.
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Figure 2-6.—Aerial view and topography of terminal moraine of continental
glaciation. (Natural Resources Conservation Service)
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Figure 2-7.—Aerial view and topography of loess identified by smooth silt ridges; usually parallel, right-angle drainage
patterns; and steep-sided, flat-bottomed gullies and streams. (Natural Resources Conservation Service)
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Figure 2-8.—Photomicrograph showing typical open structure of silty loess.
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Large regions of the United States are underlain by residuatompaction action. Full scale field compaction test sections
soils, and many dams are both composed of and founded care sometimes appropriate before proper decisions can be
them. These soils typically have a natural vertical profile made regarding the use of residual soils.
consisting of an A-Horizon at the top, with B- and
C-Horizons progressively below. The A-Horizon is usually 2-5. Subsurface Investigations .—
very thin (a few inches), relatively sandy (clays are moved
to the underlying horizon by rainwater percolation), and a. General.—Subsurface geotechnical exploration is
high in organic material. The B-Horizon is relatively performed primarily for three purposes: (1) to determine
clayey. lIts original mineral content, especially the silicate what distinct masses of soil and rock exist in a foundation or
minerals, is highly weathered, and there is no trace ofborrow area within the area of interest; (2) to determine the
parent rock structures. The C-Horizon contains varyingdimensions of these bodies; and (3) to determine their
percentages of unweathered mineral grains of the parenéngineering properties.
rock and shows varying degrees of the parent rock
structure. In the engineering evaluation of a foundation or borrow
area, soil structure should be delineated by means of profiles
When residual soils are used for the foundations and zonesr plans into a series of masses or zones within which soil
of embankment dams, the designer should consider that theroperties are relatively uniform. Soils having variable
B-Horizon is usually less permeable than the C-Horizon.properties can be evaluated, provided the nature of the
Failure to take the cutoff trench through the C-Horizon andvariation can be defined. Determination of dividing lines
the use of some C-Horizon material in impermeable zonegetween what may be considered uniform soil masses must
have resulted in seepage both through and under damsisually be done on the basis of visuahmination and
Relict joints, foliation, bedding planes, and faults in requires considerable judgment. The soil classification
C-Horizons have resulted in concentrated seepage witlsystem described in chapter 1 is a satisfactory guide for
subsequent foundation piping. These same relict structuresonsideration of soils in a disturbed state. For evaluating
may also cause weak, potential failure planes in damsoils in the undisturbed state, additional qualifying factors
foundations. required are in-place water content, density, firmness, and
stratification.  Color and texture are also helpful in
Because the type of parent rock has a pronounced influencgelineating soil masses of uniform characteristics.
on the character of residual soils, the rock type shouldOccasionally, the only uniformity found in a soil deposit is
always be determined. The degree to which alteration has heterogeneity. However, by exercising careful analysis,
progressed largely governs strength characteristicsa pattern may be found in the soil mass for use in
Laboratory testing, including testing for dispersion, is geotechnical analysis.
required if the material appears questionable or when
important or large structures are planned. PetrographicThe dimensions of these masses of soil are determined by
analyses for identification of clay minerals in residual soils methods analogous to those used in surface surveying such
is required for an understanding of their engineeringas making cross sections or by contouring the upper and
properties. lower surfaces (or isopachs). The method used depends
somewhat on the type of structure involved. Point
A distinguishing feature of many residual soils is that structures (buildings) or line structures (canals, pipelines,
individual particles in place are angular but soft. During and roads) are best visualized by cross sections; massive
construction, handling of the material may appreciablystructures (dams) are best visualized by topographic plan
reduce the grain size so that the soil, &scqd in the  maps in addition to cross sections.
structure, may have entirely different characteristics than
shown by standard laboratory testing of the original soil. Unfortunately, the problem of locating measuring points or
Decomposed granites, which at first appear to be freehe "breakpoints" of buried surfaces is difficult because the
draining granular materials, may break down when subsurface cannot be seen, and the cost of investigating the
excavated, transported, placed, and compacted. As aresulintire area with a grid of test holes is usually great. The
this material may become semipervious to impervious.normal procedure used for an investigation is to begin with
Special laboratory and field testing programs are oftenan estimation of the breakpoints' locations based on a
required to determine changes that might occur in thegeologic interpretation of the subsurface. An initial series
engineering characteristics of residual soils. During thisof test borings-supplemented by data from geophysical
testing, special attention should be paid to soil breakdowrsurveys-can be used for preliminary delineation of buried
by drying, by impact compaction, and by kneading surfaces. Breakpoint locations can be further defined by
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locating additional test borings using successivegradation tests of critical soils and from borehole
approximations after considering geophysical data. A gridpermeability tests. Excavations through soft, fine-grained
system of test holes is normally used only on large orsoils or through wet areas should be investigated more
critical borrow areas and owundations (for large earth thoroughly. Shear strength data may be required in certain
dams) where subsurface irregularities cannot be establishectitical excavation areas.
by other means. Simple, inexpensive penetration tests such
as the electronic cone penetrometer test can provide usef\When major, costly features are involved, detailed
information which can be used for more detailed delineationexplorations are required even for feasibility estimates.
of subsurface irregularities. Figure 2-11 shows the suggested minimum depths of
exploratory holes for major line structures. Greater depths
b. Point Structures.—For structures such as small are sometimes required to determine the character of
buildings, small pumping plants, transmission towers, andquestionable soils. Figure 2-12 is an example of a geologic
bridge piers, a single test hole is often adequate. Largeprofile along the centerline of a proposed pipeline.
structures may require more test holes. When the exact
location of a structure is dependent on foundation d. Damsites.—Sites for dams are initially selected
conditions, the number of test holes required should bebecause the valley at that location is narrower than at other
increased. Two or three test holes are used for preliminarplaces or the abutment and foundation conditions appear
exploration to establish general foundation conditions; thesuperior. The exploration program must be directed toward
investigation requirement can usually be reduced for latedetermining the detailed subsurface conditions. Study of
stages. Figure 2-9 shows suggested depths of preliminargurface geology will aid in deciding locations for initial test
exploratory holes for various point structures. Figure 2-10holes. In some cases, a surface geologic map, together with
is an example of a soil profile at a pumping plant site. four or five test holes and to a depth reaching a competent
and impervious formation, will delineate cdtidns well
c. Line Structures.—Exploration requirements for the enough to proceed with a feasibility design of a dam. A line
foundations of canals, pipelines, and roads varyof test holes along the potential dam axis, the outlet works,
considerably according to the size and importance of theand spillway structure are also important. Some of the holes
structure and according to the character of the groundnay be located to satisfy more than one requirement.
through which the line structure is to be located. Spacing of
holes or other explorations will vary, depending on the needA dam forms only a small part of a reservoir. To assure the
to identify changes in subsurface conditions. Where suctadequacy of a reservoir, exploration at considerable
structures are to be located on comparatively level groundlistances from the damsite is frequently necessary to locate
with uniform soils such as the plains areas, fewer holepossible routes of water loss and to identify potential
along the alignment may suffice for foundation investigation landslide conditions. The entire reservoir rim should always
requirements. In certain instances, special investigation®e carefully inspected for landslide potential, rock toppling,
may be required such as test pits and in- place densitieareas of high water loss, or other conditions which might
measurements for pipelines or hand cut block samples tgeopardize the safety or economics of thejggb Data
study collapse potential in areas of low density soils. needed for reservoir studies require detailed investigations
and thorough surface geologic mapping as described in the
Test hole requirements are quite variable for design anddesign of Small Damg.6].
specifications purposes on major structures; landslides, talus
and slopewash slopes, and alluvial fans require thorougi\s the design progresses, additional boreholes in the valley
exploration. Usually, a test hole at the point of highest fill floor, in dam abutments, and at locations of appurtenant
or at valley bottom is needed. Additional off-line holes may structures will be required. The numberaspg, angle,
be required for all of these features, depending ondiameter, and depth of these holes depend not only on the
topographic, geologic, and subsurface conditions. Duringsize of the dam and structures, but also on type and
investigations, special consideration should be given to linecomplexity of the foundation. Usually, this exploratory
structure excavation such as dewatering requirements angrogram is prepared by the exploration team which includes
cut slope stability. Water levels should be monitored in testrepresentatives from both the design and field offices.
holes for a sufficient length of time to establish seasonalFigure 2-13, an example of a generalized geologic section
ground-water level variation. Dewatering design parameterdor a damsite, shows exploratory holes for an earth dam.
must be anticipated throughout investigations. Useful data
regarding permeability can be obtained from laboratory
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e. Tunnels.—The investigation program must be in depth of material exists; then the area is explored using a
balance with anticipated geologic complexities and stage ofyrid of holes or other investigations to establish the volume
study. Design studies may require development of detailed@vailable. This should include at least one test pit to
geologic investigations. Drill holes are required at eachconfirm drill hole data. The grid system layout should
portal area to define the extent and character of overburdeprovide maximum information with the least number of
materials and along the alignment where overburderholes. Normally for a long, narrow deposit, the section
materials may be pertinent to tunnel design. This is inlines across the deposit can be located quite far apart, but
addition to geologic and rock mechanics data for tunnelthe holes on these sections should be spaced quite closely.
design. Horizontal boreholes and angle boreholes are ofteln a valley, more continuity is likely in the longitudinal
used to further define soil and rock properties, anddirection than across the valley; exploring this variability is
geophysical studies can provide useful sepyeral data. important. The variability of the deposit will also influence
Studies of rock hardness, jointing, and stratification shouldthe number of holes.
be performed to determine the best method of excavation
and for proper tunnel lining and support design. Test pits and test trenches should always be a part of an

investigation as they allow for:

f. Borrow Areas.—Explorations for borrow areas can

be divided intawo types The first type includes those to » Visual inspection of in-place conditions,
locate a specific kind of material such as: e Verification of data obtained from drill holes or other
investigations, and
e aggregate for concrete, e Determination of in-place density to evaluate shrink
¢ ballast for railroad beds, and swell factors.
e surfacing and base courses for highways,
o filter materials for drains, Additional test holes should be required during construction.
e blanketing and lining materials for canals or Prior to actual excavation, sometimes test hole spacing is
reservoirs, reduced to 15 or 30 m (50 or 100 ft) near the edges of a

e riprap materials for dams, and deposit and in deposits where maikris variable.
e materials for stabilized or modified soils. Figure 2-14, an example of a plan and sections, shows

exploration in a borrow area. On canal work, borrow
The second type is general to define the major kinds ofmaterial is usually taken from areas adjacent to the canal;
material available in an area. and test holes or other investigations for borrow are not

required if canal alignment test holes are spaced closely
The first type of exploration requires locating comparatively enough to ensure availability of satisfactory materials.
small quantities of mteral with specific characteristics.
The site should be geologically mapped to determine the g. Selection of Samples.—Laboratory or field tests to
nature and extent of the deposit. Then, either holes arestablish engineering properties of a soil deposit may be
drilled, test pits dug, or other investigations are performedrequired on: (1) soil samples without regard to their in-
in highly probable locations to establish if materials exist place condition in the deposit, (2) soil samples in which the
with the required characteristics. When a potential sourcenatural in-place conditions are preserved as well as possible,
is located, supplementary exploration is done to evaluate thand (3) soils as they exist in foundations. Laboratory and
required quantity. This should includeleast one test pit  field tests are made on soils to determine both the average
to confirm drill hole data. The limits of the entire deposit engineering properties and the range over which these
need not be determined; but when exploring for specificproperties vary. Because of cost, the procedure used is to
materials for a major specification, an excess of the requiredletermine by visual examination those samples likely to
quantity is needed to provide for waste, shrink, swell, orhave the poorest, median, and best engineering properties
other unforeseen conditions. considered critical. In the specifications stage, index tests

are used to select samples for detailed laboratory testing
The second type of exploration is performed to locateinstead of depending on visual examination.
comparatively large qudties of material in which
accessibility, uniformity, and workability are as important During construction, samples are collected from the soils
as engineering properties. A potential source satisfyingactually used; laboratory tests are performed on a portion of
these requirements is first located on the basis of surfaceach sample, and the remainder is stored for detailed testing
indications. Next, a few holes are drilled or other should a need arise. Because samples may become damaged
investigations are performed to establish that appreciabl@luring shipment, storage, or testing, and the exact number
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to be tested cannot be predetermined, the number of samples e mechanical open end push tube sampling,

collected should be considerably greater than the number e piston sampling, or

actually considered necessary for testing. e continuous double or triple tube rotary drilling and

sampling.

Disturbed samples are collected (see USBR 7000 and 7010)

when natural in-place conditions of the soil are relatively Undisturbed samples are taken also from test pits or open

unimportant, i.e., where the soils will be reworked for useexcavations by carefully cutting out large blocks of material

in the structure. The important element in this type ofor by hand trimming a sample into a metal or plastic

sampling is that: cylinder. Hand cut blocks and cylinder samples from

accessible excavations provide the highest quality

e Samples are uniform throughout the sampling depthundisturbed samples which can be obtained. Details of

interval. undisturbed sampling procedures are given in USBR 7100
e Separate samples are collected for each change iand 7105.
material.
e Samples collected are representative of materials  h. Field Tests.—Tests made on foundations in the field
being investigated. may include, but are not limited to, the following tests:
e Samples collected show lateral and vertical variations
in material. e in-place density and water content,
e in-place permeability,
If test holes are small, total material is collected from the e standard penetration,
hole. In large test holes, a uniform cross-section cutting is e cone penetration,

removed from one wall to provide the samples. In some e pressuremeter,
cases, a specific portion efach stratum is set aside as a o flat blade dilatometer,
representative sample. Normally, all of the initial e vane shear,
exploratory holes are sampled completely. If the sall e pile driving, and
deposits have recognizable uniform characteristics, e pile loading.
intermediate holes may not require sampling.
Foundations for hydraulic structures (dams and canals) are
Undisturbed samples are collected when foundations argested for permeability as a standard procedure.
being evaluated for their capability to support structures or
where it appears that soil in its natural state may possess e Sometimes, standard perston tests are made on

special characteristics thatilwbe lost if the soil is soil foundations and used as an index —test
disturbed. Undisturbed samples may be collected solely for: particularly, where bearing strength of the soil is
guestionable.
e Visual examination of soil structure e Cone penetration tests are useful for delineating
e Determining in-place density stratigraphy as well as for giving an indication of
¢ Load-consolidation testing bearing capacity.
e Shear strength testing e Pressuremeter and dilatometer tests are used to
e Performing special tests toetrmine change in determine modulus values of soils.
engineering properties as the natural condition is ¢ Vane tests provide data on in-place shear strength.
changed e Pile driving and pile-load tests are made to assess pile
performance.
Many procedures are available for securing undisturbed
samples. The procedures are designed to: Because the location of these tests must be closely related to
design requirements, they are required mainly in connection
e best sample different types of sall, with specifications stage investigations. Special tests other
e secure samples of an sail structure, than those discussed above are often made in the field. In
e minimize the amount of disturbance, and many cases, field tests can be performed to produce
e reduce sampling costs. engineering properties more economically than laboratory

testing. In some materials and conditions, field tests are
Bureau of Reclamation standard practices include securingreferred over laboratory techniques. An advantage of field
samples from boreholes with: testing is that the soil tested is at in-place condition under
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existing stress. Disadvantages are that the test is limited tepecial processing of nearer sources may be more
a fixed stress path; empirical correlations are required, an@conomical than long hauls. A definite need for and an
sometimes a physical sample is not retrieved. improvement in the quality of material must exist with
increasing distance from the emplacement site to justify long
hauls. For distant sources, accessibility and type of
available transportation facilities have an important bearing
a. General—A sufficient variety of naturally on desirability of the source.
occurring materials is usually not available in the immediate
vicinity of an earthwork structure to allow development of b. Impervious Materials.—Situations arise where a
the feature except at an excessive cost. special source of impervious materials is required, namely,
in the construction of canals; dams on pervious foundations;
Often, limited quantities of materials can b@mamcally and terminal, equalizing, or regulating reservoirs. When
obtained that have special, desirable characteristics fronextensive permeable beds are found in the foundations for
areas at a considerable distance from the site, or asuch structures, investigators must then locate a source of

2-6. Investigations for Construction Materials

investigation can be made to determine whether existingmpervious material. Such material should be
materials can be modified at the site. Such materials mighimpervious-as compared to foundation se#® justify
include: using the material, but highly plastic clay materials are

seldom desirable or necessary. These impervious soils are
¢ Impervious soils for constructing linings or blankets applied as blankets or linings over pervious foundations.
¢ Sand and gravel for concrete aggregate, filters, filter;Hydraulic gradients through the blanket or lining will be
blankets, drains, road surfacing, and occasionally,high; consequently, it is essential that gradatiomsukl

protection from erosion; and satisfy appropriate filter criteria so that piping of fines from
* Rock fragments for riprap or rockfill, filters, filter the blanket or lining into the more pervious foundation
blankets, or concrete aggregate. materials is prevented.

If the required materials are found in sufficient quantities in Piping also may be prevented by use of geotextiles or of soil
the immediate vicinity of the site, investigating more distantbedding which meet appropriate filter criteria.  The
sources is unnecessary. If there is a deficiency ofimpervious material will be exposed to water in the canal or
impervious materials, pervious materials, or rock in thereservoir and should be capable of resisting erosive forces
immediate area, limited quantities of that deficient materialof flowing water and of waves. The material may be
may come from 40 to 80 km (25 to 50 mi) distant. Pastexposed to alternately wet and dry conditions and in some
cases have shown that securing riprap (rock) 320 knrases to freezing and thawing. Therefore, materials used
(200 mi) or more distant may be economical. If the haulfor exposed linings or blankets should be free of shrinking
distance to a suitable borrow source exceeds about 30 kand swelling characteristics. Special care should be taken
(20 mi), design concept changes or modifications toto avoid use of dispersive clay soils for any of these

available materials should be considered. Somepurposes. A number of methods can be employed to
modifications might be: overcome problems such as by stabilization with lime,

cement, or insulation. However, in many cases, costs may

e adding bentonite to sandy soils, increase to a point where buried impermeable

e using cutoff walls, or geomembranes or geocomposites, or other types of linings

e using soil-cement or precast concrete blocks assuch as shotcrete with or without geocomposites, compacted
alternate methods of slope protection. soil-cement, or concrete might become competitive

alterratives. Blending two different soils together to form
Theengineering use chartliscussed in chapter 1, provides a superior blanketing material has been found to be
information on desirability of earth materials for various feasible-such as adding bentonite to sands may be practical.
uses from a quality standpoint as grouped using the Unified
Soil Classification System. Usually, it is infeasible to 1. Canal Construction.—On canal construction,
secure any material having ideal characteristics (includindining is used to reduce water loss. In turn, it conserves a
rock); investigators must exercise considerable judgment irwater supply, prevents waterlogging of adjacent lands, or
selecting material sources. The extent to which desirableeduces the size of the conveyance system. Because of these
characteristics are sought varies according to the purpose faonsiderations, impermeable lining is very desirable;
which the material is to be used. In exploiting materials, however, thicker linings of soil material of moderately low
volume may be substituted for quality to some extent; permeability have been used. Such linings can be protected
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from erosion water by reducing the water velocity or by pit run materials such as terrace deposits, etc. If quantities
providing a protective cover for the soil lining. These are small, materials acquired from developed commercial
linings are made as thin as possible, both to conserveources may be more economical.
material and to minimize the necessary additional
excavation. Consequently, a mixture of coarse materialOn major projects such as large embankment dams, careful
with impervious soil, either blended together or naturally investigations must be performed so appropriate information
occurring, will provide a material that is both erosion is obtained for developing pervious borrow materials. A
resistant and impervious. When water velocity in a canal idoorrow area rarely produces concrete aggregatester f
contemplated to be high or the natural soil is to erode easilyand drain materials without processing.  Processing
investigations for materials for canals should include aoperations are required to wash, sort, and crush granular
source of coarse material for blending or blanketing unlessnaterials and are critical to the contractor in sequencing
the impervious material already contains an appreciableonstruction events. For example, in a dam, filter and drain
percentage of coarse particles. material will be in early demand since the downstream base
of a dam will require a drainage blanket. In many cases,
2. Dam Construction.—On dam construction, it is processing and stockpiling pervious materials may be
seldom possible to significantly reduce reservoir water lossdesirable in the early phase of construction.
with partial earth blankets; but seepage gradients can be
reduced to the point that piping is prevented. Materials forFor all borrow investigations, long, linear test trenches
blankets should be highly impervious so their permeability should be excavatedn addition to point explorations such
is very low compared to that of the foundation. Resistanceas test pits or auger borirg® gain a better understanding
to flowing water usually is not critical, but care should be of geologic variability at the site. Trenches in alluvium
taken that dispersive clay soils are not used for thisshould be excavated perpendicular to streamflow. Complete
application. Because erosion from flowing water is not trench wall maps should be made, with all pockets and
critical, blending requirements need not be anticipated.lenses shown, and with geologic interpretations. Special
However, the possibility of the blanket piping into the care should be taken to evaluate percentage of fines and
foundation and the possibility of cracking of material having their plasticity so famation ofclay balls can be avoided
high shrinkage and swell characteristics must be consideredduring placement of the pervious materials.

Investigations may be required to locate a source of blanke©On major projects as large dams, such volumetric estimates
material for storage dams; but more often, blankets areof oversized particles, e.g., cobbles and boulders, should be
needed in connection with diversion dams. The qualifyingsupplemented with full-scale gradations of representative
differences between impervious blanket material for canalsmaterials because processing of oversize is crucial to the
and dams as discussed above should be noted. contractor's crushing operations. Coarse particles should be
examined petrographically, and hardness should be
c. Pervious Materials.—Clean sands and gravels are evaluated. Contractors should be supplied with all borrow

required for: information that includes summary gradation plots which
include comparisons to design gradation requirements. Test

e concrete aggregates, pits should be left open for prospective bidders, if possible.

o filter and drainage zones in earth dams, Uncertainties in processing borrow materials should be

« filters and drains associated with construction of noted in the specifications.
concrete structures,
e bedding under riprap on earth dams, 1. Concrete Aggregates.—Procedures for investi-
e transition zones to prevent piping. gation for concrete aggregates are described iGdnerete
Manual [17]. Investigations for concrete aggregates
Distance from the construction site to areas whererequire more information than other pervious materials.
investigations are made for locating a supply of perviousConsequently, data from investigations for concrete aggre-
materials having special properties will vary depending ongate also can be used for other purposes, but data from
the need for such special material. Using naturallyinvestigations for other purposes are not usually adequate
occurring materials rather than those that require processintpr concrete aggregate investigations.
is usually more economical, especially when found near the
site. Designs almost always can be made to accommodate 2. Filters and Drains.—Although the quatity of
pervious materials required for filters and drains is usually
small, quality requirements are high. Filters and drains are
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used to prevent piping and reduce hydrostatic uplifthave deteriorated by weathering, and talus or slopewash
pressures. Therefore, the material must be free drainingdeposits where water action has been insufficient to remove
but at the same time must be able to dissipate relatively higthe soft rock.

hydraulic heads without movement either the ifter

material or the protected soil. Often, a single layer of 4. Drainage Blankets.—Materials used for drainage
material will be inadequate, and a two-stage filter should beblankets within the downstream zones of earth dams should
designed. Fine sand, silt, or clay in the pervious materiabe pervious with respect to both the embankment and
is objectionable; processing by washing or screening is ofteffoundation soils.  The material should not contain
required to producacceptable material from most natural appreciable quantities of silt or clay, and the gradation
deposits. should meet the required filter criteria [18].

Although grading requirements will be different, filter Sometimes, the volume of blanket material can substitute for
materials are commonly secured economically from sourcepoor quality. If a sufficient quantity can be found close to
acceptable for concrete aggregate. Particle shape ahe point of use, a search for better materials at greater
pervious material is not as critical; processed concretalistances may not be warranted.
aggregates rejected for shape can usually be used to
construct drainage blankets and drains, if suitable gradation 5. Road Surfacing and Base Course.—Materials
and adequate permeability is maintained. = However for road surfacing or base course are sought primarily for
minerals contained in pervious materials should be evaluategtrength and durability.  The preferred material for
for potential degradation as water percolates through th&urfacing will consist primarily of medium to fine gravel
filter. Likewise, attention should be given to soundness andwvith enoughclay to bind the material together and with
durability of particles to be sure no significant change relatively small amounts of silt and fine sand. Similar
occurs in gradation due to particle breakdown as thematerial, but without silt or clay, is preferred for base
material is compacted. courses. For these materials, when road construction is for
replacement and to be performed by the Bureau of
Quality evaluation tests, similar to those performed onReclamation, requirements of the local highway agency
aggregate for concrete, are performed on these materials tthould be determined before making extensive
evaluate their durability and suitability as filters or drains. investigations.
Filter and drain materials must meet filter design criteria as
outlined inDesign Standards No. +Embankment Dams d. Riprap and Rockfill.—
([18] ch. 5).
1. General.—Rock fragments are required in
3. Bedding Under Riprap.—Sand and gravel connection with earthwork structures to protect earth
bedding material under riprap should be coarse but stillembankments or exposed excavations from the action of
conform to filter criteria in order to perform as a transition water either as waves, turbulent flow, or heavy rainfall.
between embankment and riprap.  Because of thiRock fragments associated with wave action or flowing
requirement, blanket material is sometimes secured fromvater protection are called riprap. The term rockfill is
rock fines resulting from quarrying operations. However, commonly applied to the more massive bodies of fill in dam
if a coarse gravel deposit can be found within reasonablembankments and consists of rock fragments used primarily
distance from the damsite, developing the source willto provide structural stability. Such rockfills may serve as
usually be egnomical. Quantity requirements are quite drainage blankets or blankets under riprap; and if the
large, and special processing by screening or other means isaterial to be used is adequate for slope protection, a
costly. The principal purpose of this type of blanket is to separate requirement for riprap may not be necessary.
prevent waves which penetrate the riprap from eroding the
underlying embankment. A limited amount of fine material Material from rock sources should satisfy two main
is not objectionable even though some will most likely berequirements: (1) the rock source should produce rock
lost through erosive wave action. The material should b&ragments in suitable sizes according to required use, and
durable; most fine material found in gravel deposits is ade{2) the rock fragments should be hard and durable enough
quate.  However, gravel deposits have been foundo withstand the processes involved in procuring and placing
containing large quantities of unsuitable material. Suchthem and to withstand normal weathering processes and
deposits include ancient gravel beds often in terraces thajther destructive forces associated in the place of use.
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Specific gravity and density are important attributes dam constructed in the Western United States. A more
although, to some extent, increase in fragment size may bdetailed discussion on riprap requirements, use, and
substituted for high density. Suitable substitutes areplacement is irDesign of Small DamfL6] and in Design
available for riprap and rockfill blankets such as soil-cementStandards No. 13Embankment Dams [18], chapter 7, and
or asphalt for upstream slope protection, and sod cover fom [19]. Joint spacing in a rock outcrop will be a
downstream slope protection. These alternatives areletermining factor as to whether adequate size fragments
considered when rock is unavailable or economicallycan be secured. Old joints that have become cemented but
prohibitive. would break apart during excavation should be noted.
Because these mechanical weaknesses are often difficult to

2. Riprap for Earth Dams.—Riprap surfaces on detect, a blast test should be conducted (fig. 2-16). Riprap
earth dams must withstand severe ice and wave action dsasting techniques are covered in Br@ineering Geology
well as destructive forces associated with temperaturd-ield Manual[20] and inBlasting Review Team Rep§t].
changes, which includes freezing and thawing, heating an#Vhen a bedrock exposure containing satisfactory rock is
cooling, and wetting and drying. Securing highly durable unavailable in the immediate vicinity of a damsite, it may be
material for riprap is important. Laboratory tests such aspossible to secure riprap material from:
the "freeze-thaw" test will disclose weaknesses and lack of
durability. Duralility can be judged by finding tations e stream deposits,
where the same rock is subjected to similar conditions in e glacial till,
other reservoirs, in stream channels, or in other exposures. e talus slopes (fig. 2-17), and, occasionally,

e surface deposits.

Figure 2-15 shows results of a major blast in a riprap quarry
which produced rock fragments of the sizes required for a

"L A

Figure 2-15.—Results of a major blast in a riprap quarry.

= el
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(A) Initial blast.

(B) Results of blast.

Figure 2-16.—Blasting a rock ledge at the riprap source for Stampede Dam, California.
The rock is basalt having a specific gravity of 2.6.
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Figure 2-17.—Talus slope of igneous rock proposed for riprap.

The quality of many rock sources changes laterally and with e initial cost,
depth, and overburden on some sources becomes so thick e effective life of the cover,
that its removal is uneconomical. It will frequently be e repair cost,
necessary to explore rock sources with drill holes, e climatic conditions, and
depending on geologic conditions, before establishing the e thickness of cover.
deposit as an approved source.

3. Riprap for Stilling Basins.—Riprap blankets are
When investigating riprap at distances greater than a feweommonly used downstream of spillway and outlet works
kilometers, a number of economical sources are usuallystilling basins, and other energy dissipating structures where
located. Specifying quality requirements for the riprap high-velocity turbulent flow must be reduced to noneroding
rather than the source is desirable, so that a contractor mayelocities. Quantities involved are usually comparatively
competitively secure material from the most economicalsmall, but quality requirements may exceed those of earth
source. If riprap from several sources satisfies qualitydam reservoir riprap blankets. In some instances, even
requirements, all sources are listed in the specificationsthough marginal material may be used on the dam surface,
Each deposit should be sampled and tested sufficiently tdigh-quality riprap must be secured for the blanket material
establish essential characteristics. This information will beused to protect other structures. Where investigations
used in designs to establish minimum acceptable propertiedisclose only moderate quality rock in the vicinity of the
for specifying quality requirements. Establishment of thesesite, investigations should be extended to establish the
minimum requirements will be influenced by: location of a high-quality source.
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4. Riprap for Canals.—Riprap is used in canal 2-7. Materials for Stabilized and Modified
construction where severe erosion of the channel couldsoils .—
occur. Usually, these locations occur in short reaches of
canals below concrete structures, adjacent to bridge piers, a. General.—A stabilized soil is a soil whose
and at sharp turns in alignment. Protective requirementproperties are partially or completely changed by adding a
vary over a wide range; they may be satisfied with a thindissimilar material before compacting the soil or by placing
gravel cover or may require riprap equal to that requiredan additive into the soil in place. Depending upon the
below the controlling works of dams. When these areasproperties and the amount of additive, all of the properties
must be protected by riprap, blankets are usually 300 to 60@haracteristic of the soil may be completely and permanently
mm (12 to 24 in) thick with corresponding rock sizes. changed.

5. Rockiill Blankets.—When rockfill is used to A modified soil is a soil in which specific properties may be
provide surface prtection from rainéll, almost any rock either temporarily or permanently changed. Soils are
fragments that do not break down excessively on exposurenodified by adding a small amount of an additive before
to air or water are acceptable as rockfill. Shales and someompaction or by placing the additive into the soil in place.
siltstones are kut the only types of rock considered
unacceptable for this purpose. Size is not critical except thaBtabilized soils are used as a substitute for:
fragments should be at least gravel size, and the upper-size
limit is controlled by the specified thickness of the blanket. e riprap to protect the upstream slopes of earth dam
Rounded gravel, if readily available, is frequently used for embankments,
this purpose. Special investigations for this type of material e linings for reservoirs, and
are almost wholly confined to the plains areas of the e temporary protection of construction during river
Western United States where rock is generally absent within diversion.
economical depth beneath ground surface. Substitutes may
include sod blankets. Securing rockfill blanket material They are used also as protective blankets and as pipe
from appreciable distances is justified only where quality bedding. Small quantities of additives are used to:
rock is absent in the immediate vicinity of the work and
when substitutes are inadequate. modify and improve properties of soils used in fills,
increase erosion resistance,
reduce permeability, or
provide temporary stability during construction.

6. Investigative  Procedures.—Investigation
requirements for rock sources for riprap are variable
dependent upon:

b. Compacted Soil-Cement.—Compacted soil-cement
e the stage of investigation, is a stabilized soil consisting of a mixture of soil, cement,
e whether a choice of material is locally available, and water compacted to a uniform, dense mass used for
e the type of specifications to be prepared; i.e., linings, protective blankets, and slope protection in lieu of
whether contractor or Government furnishes the rock.riprap [23, 24]. Placementater content and density are
controlled by the laboratory compaction test (see USBR
Guidance for investigations and testing is no longer included500).
in the Earth Manua) Part 2, Third Edition. Redadfaation
guidance will be included in a nelRock Manual under The most desirable soil for soil-cement is a silty sand (SM)
development. The practice will be issued as USBR 6025which has a good distribution of sizes with 15 to 25 percent
"Sampling and Testing of Rock Fragments or Rock Sampledines [25]. Other soils may be used; however, more cement
for Riprap Usage." Draft copies of this standard can bemay be required to satisfy strength and durability
obtained from the Earth Sciences Laboratory in Denver. requirements if cleaner, coarse-grained soils are used.
Uniformity of soil gradation and moisture when introduced
Another source of information on investigating riprap into a continuous feed pugmill type mixing plant is the most
sources can be found in ASTM standard D-4992-94,important factor in ensuring uniformity of compacted
"Standard Practice for Evaluation of Rock to Be Used for soil-cement.
Erosion Control."[22]
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Soil is usually obtained from a borrow area explored insmall amount of additive, a modified soil usually retains
detail to ensure quantity and uniformity desired. A uniform most of the charactetiss of the original soil &écause it is
deposit is most desirable. Stratified deposits may be usedan aggregation of uncemented or weakly cemented particles
provided selective excavation and processing is practical andather than a strongly cemented mass. Limited experience
economical compared to using other potential sourceshas been acquired on even the most commonly used
Selective excavation and mixing during stockpiling may be additives including asphalt, portland cement, fly ash, lime,
necessary to provide a soil as uniform in grading andslag, resins, elastomers, and organic chemicals.
moisture content as practicable. Screening equipment may
be necessary to (1) remove undesirable organic material andls a soil additive, use of lime is the oldest known method
oversize particles; (2) remove or reduce the size of sandpf chemical stabilization: it was used by the Romans to
silt, and clay aggregations, called "clay balls," which tendconstruct the Appian Way. Soil-lime is a mixture of soil
to form in the borrow areas containing lenses of clay. (usually clay), lime, and water which is compacted to form
a dense mass. Experience has shown that mixtures of most
Laboratory testing is required to determine the quantity ancclay soils with either quick or hydrated lime and water will
type of cement, the moisture limits, and the compactionform cementitious products in a short period of time.
requirements to be specified for constran. Reclamation applications for water resources works have
Representative samples of the finest, average, and coarsdsten limited to use of lime for stabilizing expansive clay
material should be submitted for laboratory testing. Thesoils and dispersive clay soils.
water proposed for mixing should be reasonably clean and
free from organic matter, acids, alkali, salts, oils, and otherReclamation's Friant-Kern Canal in California experienced
impurities. Qear water that does not have a saline or severe damage to both earth and concrete-lined sections
brackish taste and is suitable for drinking may be used;from expansive clay soils. Lime, 4 percent by dry mass of
however, doubtful sources should be sampled and tested.soil, was used during rehabilitation of Friant-Kern Canal,
and the soil-lime lining has proved durable after more than
c. Soil-Cement Slurry.—Soil-cement slurry is a 20 years of service [28].
cement stabilized soil consisting of a mixture of soil and
cement with sufficient water to form a masdrwith the Dispersive clay soils will erode in slow-moving or even still
consistency of a thick liquid that will flow easily and can be water by individual colloidal clay particles going into
pumped without segregation. Sands with up to 30-percensuspension and then carried away by flowing water.
nonplastic or slightly plastic fines are best. Dispersive clay soils may be made nondispersive by addition
of 1 to 4 percent lime by dry mass of soil. Generally, the
Reclamation has used soil-cement slurry for pipe beddingdesign lime content is defined as the minimum lime content
[26, 27]. Even though materials from the trench excavationrequired to make the soil nondispersive. If lime-treated soil
may be used, locating the borrow areas along the pipelings to be used in surface layers, adding additional lime may
alignment is generally more economical and usually resultde desirable to increase the shrinkage limit to near optimum
in a better controlled and more uniform product. Soil- water content to prevent cracking from drying. In
cement slurry has often been supplied by commercial readyeonstruction specifications, the lime content is often
mix firms when haul distances are economical. increased 0.5 to 1.0 percent above the design value to
account for losses, uneven distribution, incomplete mixing,
d. Modified Soil.—A modified soil is a mixture of soil, etc. Dispersive clay soils were found throughout the borrow
water, and a small amount of an additive. The variousareas for Reclamation's McGee Creek Dam in Oklahoma.
components are well mixed before compaction or added td-ime was used to stabilize those soils for certain critical
the soil in place to modify certain propertigemporarily or ~ parts of the dam, and specifications required between
permanently-to within specified limits. Because of the 1.5 and 3.0 percent lime to be added to the soil [29].

B. Exploratory Methods

2-8. General .—Exploration methods may be grouped one purpose of an exploration is to secure samples of soil
in different ways: (1) those that produce usable samples andnd rock, either for visual examination or for laboratory
those that do not, and (2) those that are accessible and thotsting. Procedures which will not produce samples should
that are not. In investigations of foundations or materials,be used only where the general characteristics of the
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materials to be penetrated are already known, wheraindisturbed sampling is not successful, a number of in-place
sufficient samples have been secured for testing, or wher¢ests can be performed that yield valuable information
penetration test or other in-place test data can be used twoncerning foundation soil conditions. Radiographs (X-ray)
define or refine an investigation plan or program. Samplingmay be taken of undisturbed samples after they are received
methods will vary according to the type of material to be in the laboratory. The radiographs are studied to determine
sampled and according to the acceptable degree of sampliegree of disturbance to each sample. Radiographs are also
disturbance; and test holes or other investigations may beaseful to identify:

advanced by manual labor or by mechanical power.

Exploratory holes may be of various sizes depending upon: slip planes,
fault gouge zones,
e the need to access, slickensides,

e the penetration depth,
e the size of sample to acquire, and
e the type of material to penetrate.

contamination by drilling fluid,

amount of slough on top of a sample,
location of gravel particles within a sample,
various other conditions.

Stability of small-size holes entirely above the water table is
dependent on the type of material encountered. Holes ifFigure 2-18 shows some of the samplers available for
soil below the water table usually require support by steelobtaining undisturbed samples.
casing, augers, or by drilling fluid. Sometimes, exploratory
holes require protection withteel casing bcause of In drilling exploratory holes through hard materials, where
potential @mage to the hole by drilling operations and to support might normally be unnecessary, crushed zones or
prevent contamination of samples with materials from higherfaults may be encountered from which rock fragments fall
elevations. As part of a foundation investigation, manyinto the hole and either plug the hole, bind the drilling
exploratory holes require water testing. When casing isequipment, or both. In such situations, cement grout may
used, specific portions of the foundation may be water testetbe placed in that area; after the grout has set, the hole can
to simplify evaluation, to concentrate on certain foundationbe drilled through the grout. Because these crushed zones
conditions, and to determine required treatment. If wateror faults represent some of the critical conditions being
testing or piezometer installation is a part of the investigated from an engineering standpogilt, pertinent
requirement, bentonite drilling mud should not be used. tests (such as water tests) must be performed before
grouting the unstable section of hole; a record of the
In soft or loose soil foundations, the strength of theconditions should be fully reported and recorded.
materials in the wall of the hole may be insufficient to keep
soil from flowing into the bottom of the hole. In many All exploratory holes should be protected with suitable
instances, just keeping the hole filled with water will suffice covers and fences to prevent foreign matter from entering
to hold materials in place. In severe cases, a wall stabilizerthe holes and to keep people and animals from disturbing
a heavy fluid, or both must be used. Information on thethem or falling into them. All holes should be filled or
various stabilizers may be obtained from drilling fluid plugged after fulfilling their purpose.
manufacturers. If water testing is not required, drilling fluid
consisting of a mixture of commercially available bentonite 2-9. Accessible Exploratory Methods .—
or other materials and water may be used. Drilling fluid
may be specially prepared to have a required mass per unit a. General.—Open test pits, large diameter borings,
volume due to addition of finely divided solid material or to trenches, and tunnels are accessible and yield the most
addition of other additives. (See USBR 7105 and USBRcomplete information of the ground penetrated. They also
5890 through 5895.) permit examination of the foundation bedrock. When depth
of overburden and ground-water conditions permit their
Samples may be secured from holes supported by drillingesconomical use, these methods are recommended for
fluid or casing with either double-tube or triple-tube soil foundation exploration in lieu of relying solely on borings.
samplers, core samplers, drive tube, or with push-tubén prospecting for concrete aggregate, embankment, filter,
samplers. To minimize sample disturbance, or drain materials containing cobbles and boulders, open
fixed-piston-type samplers are preferable for very soft soils.pits and trenches may be the only feasible means for
The double-tube hollow-stem auger sampler is best for watepbtaining the required information.
sensitive, very loose, or unsaturated low density soils. If
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Figure 2-18.—Samplers used for undisturbed soil sampling.

b. Test Pits.—Test pits are an effective means to borings and deep trenches may be considered to be confined
explore and sample earth foundations and constructiorspace and may require special ventilation, monitoring, and
materials and to facilitate inspection, sampling, and testing.rescue safety equipment.

The depth of a test pit is determined by investigation
requirements but is usually limited to the depth of the waterDeep test pits should be ventilated to prevent accumulation
table. Dragline, backhoe, clangdh caisson drilling or  of dead air. Ventilating pipe, which begins slightly above
auger equipment, and bulldozer pits are usually morethe floor extending about 1 m (3 ft) above the mouth of the
economical than digging pits by hand for comparatively pit, is usually satisfactory. Canvas and plastic sheeting have
shallow materials explorations. Explosives may be requiredbeen used to deflect wind into the hole. Oxygen meters
to break up large boulders. At the surface, the excavatedhould be used to determine satisfactory air quality. Test
material should be placed in an orderly manner around theits left open for inspection must be provided with covers
pit to indicate depth of pit from which the material came to and barricades for safety. All applicable safety and shoring
facilitate accurate logging and sampling. The moisturerequirements must be met.
condition should be determined and recorded before drying
occurs by exposure to air. When water is encountered in the pit, a pumping system is
required for further progress. Small, portable, gasoline-
Investigations in open, accessible explorations such as tegtowered, self-priming, centrifugal pumps can be used;
pits, large diameter borings, trenches, and tunnels ar@owever, air or electric powered equipment is preferred
inherently hazardous. Federal, State, and local regulationehenever possible because of the change of carbon
must be followed when planning and executing accessiblenonoxide poisoning. The suction hose should be 15 mm
investigations. Occupational Safety and Health Act (OSHA) (¥ in) larger in diameter than the pump discharge and not
regulations for excavation safety (29 CFR 1926.650-652)more than 5 mm (15 ft) long. This requires resetting the
should be consulted prior to planning accessiblepump in the pit (on a frame attached to the cribbing) at
explorations. Regulations require that competent personnedbout 4-m (12-ft) intervals. When an air or electric
plan, design, and monitor excavations. Excavations greatepowered pump is not available, and a gasoline engine is
than 5 ft in depth normally require sloping or shoring used, pipe the exhaust gases well away from the pit when
systems designed by professional engineers. Large diameténe engine is in or near the pit. When a gasoline engine is
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operating within a pit, personnel shall not be allowed in theexcavated down the face of a slope, or a series of short
pit for any extended period of time regardless of how welltrenches can be spaced at appropriate intervals along the
the system is vented. Dewatering test pits is usuallyslope.
expensive and is often unwarranted.

Depending on the extent of investigation required,

c. Large-Diameter Borings.—Caisson auger rigs bulldozers, backhoes, or draglines can be used. Figure 2-19

using large-diameter discs, gushers, or buckets are ofteahows a trench excavated by bulldozerAll safety
used when accessible explorations are required to be deepprocedures and guidelinesnust be followed when
than about 6 m (20 ft). Depths of over 30 m (100 ft) haveexcavating deep trenches to prevent accidents caused by
been achieved using this method. Wall support must beaving ground.
provided for the total depth. Typical wall support for large-
diameter borings may consist of welded steel casing installedhe material exposed by trenches may represent the entire
after the boring is complete or preformedes liner pate depth of significant strata in an abutment of a dam;
segments bolted together and placed as the boringnowever, their shallow depth may limit investigation to only
progresses. Personnel access within a drilled caisson hoke portion of the foundation, and other types of exploration
may be provided by an elevator platform rigging using may be required to explore to greater depths. Test trenches,
power from a crane hoist or by notched safety rail ladderhowever, are often extensively used to delineate stratigraphy
using an approved grab-ring safety belt. Work may bein borrow areas. As with test pits, trenching permits visual
performed at any depth in the drilled caisson boring usinginspection of soil strata which facilitates logging of the
steel platform deckingti@ched to thetsel wall support,  profile and selection of samples. Large undisturbed samples
from a steel scaffolding, or from an elevator platform. or large disturbed individual or composite samples are easily

retrieved from test trenches. Trenches in sloping ground
Access for material logging or sample collection outside ahave the further advantage of being self-draining.
steel-encased caisson hole may be accomplished by cutting
openings in the casing at desired locations or by removing  e. Tunnels.—Tunnels, adits, or drifts have been used
bolted liner plate segments to expose the sides of the boringo explore and test areas beneath steep slopes in or back of
Sufficient ventilation must be maintained at all times for clifflike faces. Any exploratory tunnel or drift is usually
personnel working within the excavation. Radio roughly rectangular in shape and about 1.5 m wide by 2 m
communication to surface personnel should be maintainedhigh (5 ft by 7 ft). When lagging is required for side and
Water within a drilled excavation may be removed by anroof supports, itlsould be paced to follow excavation as
electric or air-powered pump with discharge conduit to theclosely as practicable. Excavation of exploratory tunnels
surface. Dewatering may require stage pumping by usingcan be a slow, expensive process; consequently, this type of
several holding reservoirs, at appropriate elevations, andnvestigation should be employed only when other methods
additional pumps as required to lift the water from the will not supply the required information.
borehole to the ground surface.

Logging and sampling of exploratory tunnels should proceed
Large-diameter borings left open for inspection should concurrently with excavation operations if possible (see
always be provided with locking protective covers and fig. 2-20).
should be enclosed by a fence or barricade.

If explosives were used to excavate the tunnel, selecting

d. Trenches.—Test trenches are used to provide a locations for undisturbed samples must be carefully made.

continuous exposure of the ground along a given line orThis includes removal of all material disturbed by the
section. In general, they serve the same purpose as op@xplosives, thereby exposing undisturbed material.
test pits but have the added advantage of disclosing the
lateral continuity or character of particular strata. They are  2-10. Nonaccessible Exploratory Methods .—
best suited for shallow exploration (10-15 ft [3-4.5 m]).
Trenching can be used to drain wet borrow areas and atthe a. General.—The usual nonaccessible exploratory
same time fulfill investigation requirements. methods are cone penetrometer, standard penetration, auger

drilling, rotary drilling, core drilling, and in-place field
On a slope, field work consists of excavating an open trenchesting. Of the methods, auger drilling, rotary drilling, and
from the top to the bottom to reach representativecore drilling are the most commonly used to obtain samples
undisturbed material.  Either a single slot trench is
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Figure 2-19.—Shallow test trench excavated by bulldozer.
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for laboratory examination and testing. It should be stressedtHand-operated post hole augers 100 to 300 mm (4 to 12 in)
that geologic complexity should have been determinedin diameter can be used for exploration to shallow depths
beforehand, and exploratory drilling operationsidd never  (fig. 2-21).
be solely relied upon to provideath for accurate and
reliable geologic interpretation of a complex geologic An auger boring is made by turning the auger the desired
structure. distance into the soil, withdrawing it, and removing the soil
for examiration and sampling. The auger is inserted into
Economics and depth requirements are the principal reasortbe hole again, and the process is repeated.
for performing extensive drilling programs in lieu of
constructing accessible test pits or trenches to establisA soil auger can be used both for boring the hole and for
geologic conditions. If drilling is considered the only bringing up disturbed samples of soil. It operates best in
feasible method for conducting subsurface explorations, thesomewhat loose, moderately cohesive, moist soils. Usually,
following considerations should be given priority when holes are bored without addition of water; but in hard, dry
planning the remainder of the exploration program: soils or in cohesionless sands, introduction of a small
amount of water into the hole will aid with drilling and

e All relevant subsurface and geologic information sample extraction. It is difficult to avoid some contami-
should be assembled and used when selectinghation or mixing of soil samples obtained by small augers.
strategic drilling locations so the maximum amount of Rock fragments larger than about one-tenth the diameter of
subsurface information can be obtained from athe hole cannot be successfully removed by normal augering
minimum number of drilling locations. methods. Large-size holes permit examination of soils in
The type of exploration drilling, in-place testing, place; therefore, they are preferred foourication
sampling, or coring necessary to obtain pertinent andnvestigation. An excellent guide for using augers in water
valid subsurface information should be carefully resources investigations is available from USGS:
considered (see section 2-12 for embankmentApplication of Drilling, Coring, and Sampling Techniques

drilling). to Test Holes and Wells [30].
e The type of drilling rig capable of accomplishing
exploration requirements must be determined. Pipe casing may be required in unstable soil in which the

borehole fails to stay operand especially where the boring
Although drilling may be accomplished to some extent usingis extended below ground-water level. The inside diameter
manual methods (i.e., hand augers, tripod assemblies, araf the casing must be slightly larger than the diameter of the
hand-crank hoist systems), many factors such as equipmemituger used. The casing is driven to a depth not greater than
technology, economics, depth requirements, type of sampléhe top of the next sample; the boring is cleaned out by
needs, and the need for accurate subsurface informatiomeans of the auger. Then, the auger can be inserted into
have made manual exploration methods obsolete. Variouthe borehole and turned below the bottom of the casing to
types of mechanical power-driven drilling equipment are obtain the sample.
available, and most efficient use and capability of each type
of drilling unit is discussed. c. Mechanical Auger Drilling.—Auger drills are

mechanical, engine-powered drills that are designed to

b. Auger Borings.—General—Auger borings often  produce high rotational torque at low revolutions per minute
provide the simplest method of soil investigation and as required to drill into and collect subsurface soil samples.
sampling. They may be used for any purpose whereDrill cuttings and soil samples are removed by the auger's
disturbed samples are satisfactory and are valuable imotation without using fluid circulation media; thus, the
advancing holes to depths at which undisturbed sampling orequirement for high torque capability of the drill.
in-place testing is required. Mechanical hollow-stem augerMultipurpose drills are available which are capable of auger,
drilling and sampling are the most preferred methods forrotary, or core operations. Discussion in this section is
drilling in existing dam embankments to avoid hydraulic directed toward describing and explaining individual general
fracturing. Hollow-¢em augers are frequently used for uses for each of the four distinct types of auger-drilling
drilling potentially contaminated ground because fluids areoperations used in subsurface explorations:
not used. Sometimes, depths of auger investigations are
limited by the ground-water table, by rock, and by the e Continuous-flight auger drilling
amount and maximum size of gravel, cobbles, and boulders e Hollow-stem auger drilling
as compared with the size of equipment used. e Helical, disk, and bucket auger drilling
e Enclosed augers
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Figure 2-21.—Types of hand augers (2-inch helical, 2- and 6-inch Iwan, and 6-inch Fenn [adjustable]).
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1. Continuous-Flight Augers.—Continuous-flight  Although the above procedure for collecting composite
auger drilling often provides the simplest and mostsamples of mixed material strata is efficient, it may not
economical method of subsurface exploration and disturbedesult in an accurate representative sample of the material
sampling of surficial deposits. Flight augers consist of abeing drilled-especially at greater depths. This is because
center drive shaft with spiral-shaped steel flights weldedthe augered material may mix with sidewall material as
around the outside circumference of the drive shaft. cuttings are brought to the surface. In addition, auger

borings through a noncohesive, low density sand stratum
As each auger section is drilled into the ground, anothercan result in a sample with a greater volume of sand than
section is added with an identical spiral flight that is would be obtained from a borehole having a constant
manufactured to match the in-hole auger. The joining ofdiameter thoughout the hole depth. (It is assumed the
each matched auger section results in a continuous spiraliameter of the hole enlarges in the sand stratum.) If
flight from the bottom of the hole to the surface. The material contamination is evident or if too large a volume of
auger's rotation causes drill cuttings to move upward alongnaterial is recovered from a given auger penetration
the spiral flights so that disturbed soil samples can beanterval, a hollow-stem auger with an inner-barrel wire-line
collected at the hole collar. Figure 2-22 shows asystem or a continuous-sampler system should be used in
continuous-flight auger drilling operation. lieu of a continuous-flight auger.

Flight augers are manufactured in a wide range of diameter®ther beneficial and efficient uses of flight-auger drilling
from 50 to greater than 600 mm (2 to > 24 in). The mostinclude:
common auger used for obtaining disturbed samples of

overburden is 150 mm (6 in) in diameter. Normally, flight ¢ Delineation of soil properties for lengthy line
auger depths are limited by: structures such as canals and pipelireSconomical
power auger borings can be spaced in between more
e Equipment torque capability, detailed sampling and testing locations.
e ground-water table, e Determination of shallow bedrock depthdhis
« firmness of materials penetrated, method is especially valuable for estimating
e cobble or gravel strata, overburden excavation volume required to expose
e caliche zones, and potential rockfill or riprap sources. Confirmation of
e bedrock. potential rock quality and usable volume must be
determined using rotary core drilling exploration
Continuous-flight auger drilling is an economical and highly methods.
productive exploration method. A common and efficient use e Drilling through cohesive soils to install well points
of flight augers is to define borrow area boundaries and to monitor water table fluctuatior-This method is
depths. Borrow area investigations are cateld by recommended for use only through cohesive soils that
augering holes on a grid pattern to define borrow boundaries can be completely removed from the auger hole to
and to estimate quantities of usable material. Flight augers leave a clean, full-size open hole so the well point
are especially efficient when used to collect composite can be installed and backfill material placed.
samples of mixed strata material to establish a borrow depth e Determination of overburden depth to potential sand
for excavation by belt-loader equipment. Composite and gravel deposits for concrete aggregate
samples are collected by advancing auger borings to the processing—This method would be used to estimate
depth capability of the belt loader. Hole advancement is the volume of overburden excavation required to
accomplished by turning the auger at a low, high-torque rate expose the sand/gravel deposit.  Assessment of
while adding downpressure for penetration to depth. At the guality of potential concrete aggregate and usable
end of the penetration interval, the auger is turned at a volume could be determined from open pit excavation
higher rate without further downward advancement to or by use of a bucket drill.
collect a composite sample of the material augered through.
After the hole is thoroughly cleaned by bringing all cuttings 2.  Hollow-Stem Augers.—Hollow-stem auger

to the surface, the material is mixed to form a representativerilling can provide an efficient and economical method of
composite sample and sacked according to requirements f@ubsurface exploration, advancing holes for in-place testing,
laboratory testing. If additional sample intervals areand sampling of overburden material in an undisturbed
required, the process can be repeated at a second samlendition. Hollow-stem augers are manufactured similar to
depth. flight augers. The difference between flight augers and
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Figure 2-22.—Continuous-flight auger mounted on an all-terrain carrier.
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hollow-stem augers is in the design of the center drive shaft. e equipment rotational torque capability,
The continuous-flight auger drive shaft consists of a steel e firmness of materials penetrated,
tube with end sections for solid pin connections to abutting e cobble or gravel strata,
auger sections. The hollow-stem auger drive shaft, e caliche zones, or
however, consists of a hollow steel tube throughout the total e bedrock.
length with threaded or cap screw connections for coupling
to abutting auger sections. The advantages of hollow-stem 3. Helical, Disk, and Bucket Augers.—Helical, disk,
auger drilling over continuous-flight auger drilling are: and bucket augers are useful for obtaining disturbed samples
from large-diameter borings for classifying overburden or
e Undisturbed sampling tools and in-place testing borrow soils. Generally, these augers are limited to
equipment can be lowered and operated through th&ampling above the water table mout casing and can be
hollow stem without removing the in-hole auger. further limited by caving ground or oversize particles.
e Unstable soils and water zones can be drilled throughFigure 2-24 illustrates the basic differences of these auger
by the hollow-stem auger without caving. systems. Disk-auger drilling can be an economical method
e Instruments and ground behavior monitoring of drilling large-diameter holes for disturbed sampling or for
equipment can be installed and the hole backfilledinstalling large-diameter casings for accessible explorations.
through the hollow stem. A helical or disk auger has spiral-shaped flights similar in
e Removal of samples through the hollow stem design to a flight auger; however, it is used as a single-
eliminates contamination from upper-strata material. length tool rather than being coupled to abutting sections.
e The hollow stem may be used as casing so rotaryRotational power is provided by a square or hexagonal drive
drilling or core drilling operations can be used to shaft (Kelly bar) on the drill rig. With the disk-auger, drill
advance the hole beyond auger drilling capabilities. cuttings are retained by the upper-disk flight and are
removed by hoisting the disk auger from the hole after every
In addition to advantages listed, the hollow-stem auger carl to 1.5 m (3 to 5 ft) of penetration.
function as a continuous-flight auger. This is accomplished
by using a plug bit within the center tube of the lead auger,Hole diameters range from 300 to 3,050 mm (12 to 120 in);
as shown on figure 2-23. The bit can be retracted at anyhe larger disk-auger rigs drill to 37 m (120 ft) depth or
time for undisturbed sampling or in-place testing without more using telescoping Kelly drive bars. Unless casing is
removing the auger tools from the drill hole. installed, disk-auger capabilities are generally limited by
cobble or boulder strata, saturated flowing sands, or
In the 1960s, Reclamation developed a double-tube auger tground-water tables. Weathered or "soft" rock formations
combine soil sampling with auger-hole advancement. Thiscan be drilled effectively with a helical auger equipped with
arrangement was quite successful, especially in watewedge-shaped "ripper" teeth. Concrete and "hard" rock can
sensitive soils such as loess [31]. During the 1980s, augebe drilled by helical augers equipped with conical,
manufacturers developed (for commercial sale) double-tubaungsten-carbide tipped teeth.
auger soil sampling tools so that undisturbed soil samples
could be recovered simultaneously with advancement of thén addition, for use in drilling and installation of deep
hollow-stem auger and without the need for drilling fluids. accessible explorations, disk augers are used to recover
This development resulted in a method to recover highdarge-volume samples from specific subsurface strata. They
quality, undisturbed soil samples of surficial deposits moremay be used to drill and install perforated casing or well
efficiently and economically than any other method. Thescreens for ground-water monitoring systems. The most
method is especially good for sampling low density soils thatcommon use of disk augers is drilling caissons for building
may be susceptible to collapse upon wetting. foundations.

Hollow-stem augers are commonly manufactured in 1.5 m 4. Bucket Drills.—Figure 2-25 shows a bucket drill

(5 ft) lengths and with sufficient inside clearance to passin operation. Bucket drills or "bucket augers" are used to
sampling or in-place testing tools from 50 to 175 mm (2 todrill large-diameter borings for disturbed sampling of
7 in) in diameter. The spiral flights are gealbrsized to  overburden soil and gravel material. The bucket is designed
auger a hole 100 to 125 mm (4 to 5 in) larger than the insideas a large-diameter holloviegl drum, usually 1 m (3 ft)
diameter of the center tube. Normally, drill depths arelong, that is rotated by a square or hexagonal drive (Kelly
limited by: bar) on the drill rig and connected to a steel yoke fixed to
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Figure 2-23.—Hollow-stem auger with center plug.
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Figure 2-25.—Bucket drill rig in drilling position with a 24-foot triple Kelly and 36-inch bucket.
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the top of the bucket. The bottom of the bucket is designeauter barrel is pulled down with the unit, thereby holding
with a hinged, lockable, steel cutter plate equipped without any caved or foreign material. The sampled material is
wedge-shaped ripper teeth. The cutter plate is mechanicallsetained on the helical auger inside the outer barrel. After
locked during the rotational drilling operation and has a 225-completing the sample run, the final penetration depth is
to 300-mm (9- to 12-in) bottom opening through which drill carefully noted and the sampler removed from the hole.
cuttings are forced and collected in the bucket. After abouiThe auger is rotated in reverse to eject the sampled material.
1/2 to 1 m (1.6 to 3.3 ft) of drilling penetration, the bucket Increased torque capacity of mechanical drills has enhanced
is hoisted out of the drill hole, attached to a side-jib boom,capability of continuous or hollow-stem augers to operate
and moved off the hole to discharge the cuttings. Cuttingdelow the water table thereby diminishing use of enclosed
are discharged from the bucket by mechanical release of thaugers.
hinged cutter plate or by opening one side of the bucket,
which also may be hinged. The drilling operation is d. Nonsampling Borings.—Test holes excavated
continued by locking the cutter plate or the hinged sidemerely to determine depth to some particular stratum or
panel of the bucket before lowering the bucket to the holebedrock, or for advancing a hole to provide access to a
bottom and continuing drilling. buried layer for sampling, can be accomplished by any of
the previously described methods. A number of economical
Holes can range from 300 to1®»0 mm (12 to 84 in) in  procedures are in common use. These procedures include
diameter using a standard bucket. A reamer arm extensiorpercussion or churn drilling, wash boring, and jetting. All
equipped with ripper teeth, can be attached to the buckepperations are based on moving the tool up and down to
drive yoke for overreaming a hole to 3 m (120 in) in chop away the material in the hole, using increasing
diameter using sp&d craneattached bucket drills. When amounts of water in the order listeelxcept probing which
using overreaming bar extensions, drill cuttings enter theuses none at all. Often, probing is an economical method
bucket from the bottom cutter plate during rotary for establishing the depth to a firm stratum. Variations in
penetration. Cuttings also fall into the top of the bucket asprocedure depend primarily on the nature of the soil to be
a result of the rotational cutting action of the overreamer. penetrated, with percussion drilling being used on the
hardest and most dense soils, and probing on the softest.
Generally, bucket drill capabilities are limited by saturated
sands, boulders, caliche, or the grouratexr table unless In churn or cable tool drilling, the tool is attached to the end
casing is installed. Weathered or "soft" rock formations canof a cable. Water is added, and the cuttings form a slurry
be effectively penetrated with bucket drills. The larger which is removed intermittently by pumping or bailing. In
crane-attached bucket drills have achieved depths of 60 mvash boring and jetting, the cuttings are removed with a
(190 ft) using telescoping Kelly drive bars and crane draw-continuous flow of water from the top of the hole. Wash
works hoist systems. boring advances the hole by a combination of chopping and
washing. Jetting depends primarily on the cutting action of
Bucket drills are used for boring caisson holes for a high-pressure stream of water. Care must be exercised to
foundations. They have proved extremely beneficial for avoid disturbing and moistening the underlying stratum to be
performing subsurface investigations into sand and gravekampled when using these methods. Some indication of the
deposits for concrete aggregate investigations. Also, theyature of material penetrated is obtained by examining
may be used to drill and collect intermixed gravel and cuttings in the sludge or wash water, but accurate
cobble samples with particle diameters up to about 200 mntlassifications require other sampling methods. Probing
(8 in). Bucket drills can be an effective method of drilling consists of driving or pushing a rod or pipe into the soil and
deep, accessible, exploration holes. In large caissormeasuring the effort required. Probing can be accomplished
applications, the boring can be anactessible” with or without jetting tips. If the layers to be pelagtd
excavatior-as these are often inspected in construction. are soft enough, crude probing may be replaced by cone
penetration or other dynamic penetrometers to gain
5. Enclosed Augers.—Enclosed augers have been additional information on surficial materials.
used successfully in lieu of casing (fig. 2-26). The outer
barrel, which acts as casing, is connected to the sampler on 2-11. Rotary Drilling Methods .—Nonaccessible
a swivel-type head and remains in a stationary position agorings—
the auger rotates.
a. General.—One of the most important tools for
The sampler is lowered to the bottom of the hole and augesubsurface exploration is a rotary drill rig complete with
rotation started. As the auger penetrates unsampled soil, thgdre barrels, diamond bits or hardened metal bits, and a
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Enclosed auger assembled.

Auger disassembled.

Figure 2-26.—Enclosed auger.

hydraulic or screw feed. The drill may be operated with aa series of nesting casings with corresponding sizes for bits
variety of samplers and bits, depending on the hardness aind drill rods [32]. These standards allow for
the material penetrated. Rotary drill equipment isinterchangeable use of equipment from different
manufactured in a wide variety of forms that vary from manufacturers. Table 2-1 shows the nomenclature for hole
highly flexible to extremely specialized equipment, from size, group, and design. Nominal hole sizes run fot
lightweight and highly mobile equipment to heavy stationary Z [25 to 200 mm (1 to 8 in), respectively]. These nominal
plants, and range in size of hole and core from less than 2hole sizes are often specified in exploration requests.
(1 in) to 900 mm (36 in) or more in diameter. Normally,
drill equipment is mounted on trucks but a wide variety of The DCDMA standards for drill rods, casings, and core bit
carrier units such as track, all terrain, and skid mounts argizes are given on tables 2-2, 2-3, 2-4, and 2-5. Casing,
available. They are capable of drilling to depths of hun-drill rods, core bits, and barrels are designed to be used as
dreds or thousands of meters depending upon the type of rig system for a particular hole size and group of tools. For
and the material penetrated. example, HX core-barrel bits will pass through flush-
coupledHX casing (flush-coupled casing is denoted by the
The Diamond Core Drill Manufacturers Association groupletter X) and will drill a hole large enough to admit
(DCDMA), which is composed of members from the United flush-coupledNX casing (the next smaller size) and so on to
States and Canada, has established dimensional standards fReRX size. Flush-joint casing, denoted by group létéer
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Table 2-1.—Diamond Core Drill Manufacturers Association nomenclature for bits and drill rods

Three-Letter Names

First letter

Hole size

Second letter

Group.

Third letter

Design

Casing, core barrel, diamond bit,
reaming shell,and drill rods
designed to be used together for
drilling a nominal hole size.

Letter

NCWTITIXZWW>»mMAD

Inch
1
1-1/2
2
2-1/2
3
3-1/2
4

0 ~NO O

Milli-
meter
25
40
50
65
75
90
100
125
150
175
200

Key diameters standardized on an
integrated group basis for
progressively reducing hole size
with nesting casings.

Letters x and w are synonymous
when used as the GROUP (second)
letter.

Any DCDMA standard tool with an x
or w as the GROUP letter belongs
in that DCDMA integrated group of
tools designed using nesting
casings and tools of sufficient
strength to reach greater depths
with minimum reductions in core
diameter.

The standardization of other
dimensions, including thread
characteristics, to allow
interchangeability of parts made by
different manufacturers.

The DESIGN (third) letter
designates the specific design of
that particular tool.

It does not indicate a type of
design.

Two-Letter Names

First letter

Hole size

Second letter

Group and design

Approximate hole size, same as in

3-letter names.

GROUP standardization of key

diameters for group integration and
DESIGN standardization of other
dimensions affecting

interchangeability.
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Table 2-2.—Diamond Core Drill Manufacturers Association drill rod specifications

W Series Drill Rod

Outside Inside Coupling

Rod diameter diameter identification p':allrafzsot Threads Thread
type in mm in mm in mm lbm per inch type
RW 1.094 27.8 0.719 18.3 0.406 10.3 1.4 4 Regular
EW 1.375 34.9 0.938 22.2 0.437 12.7 2.7 3
AW 1.750 44.4 1.250 31.0 0.625 15.9 4.2 3

BW 2.125 54.0 1.500 445 0.750 19.0 6.1 3

NW 2.625 66.7 2.000 57.4 1.38 34.9 7.8 3

HW 3.500 88.9 3.062 77.8 2.375 60.3 9.5 3

WJ Series Drill Rod
AWJ 1.75 445 1.43 36.4 0.63 16.1 3.6 5 Taper
BWJ 2.13 54.0 1.81 46.0 0.75 19.3 5.0 5
NWJ 2.63 66.7 2.25 57.0 1.13 28.8 6.0 4
KWJ 2.88 73.0 2.44 61.9 1.38 34.9 4
HWJ 3.50 88.9 2.88 73.1 1.75 44.5 4
Old Standard

E 1.313 33.3 0.844 214 0.438 11.1 3 Regular

A 1.625 41.3 1.266 28.6 0.563 14.3 3

B 1.906 48.4 1.406 35.7 0.625 15.9 5

N 2.375 60.3 2.000 50.8 1.000 25.4 4
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Table 2-3.—Wire-line and American Petroleum Institute drill rods

Wire-line Drill Rods

Rod d(i)aurftlectieer dilgrigfer Gallons weight Threads Thread
type _ ) 18?& Ir;trarr] per inch type
in mm in mm
AQWL! 1.750 44.5 1.375 349 7.7 3.3 4 Taper
AXWL? 1.813 46.0 1.500 38.1 9.18 2.8 4 Regular
BQWL! 2.188 55.6 1.812 46.0 13.4 4.0 3 Taper
BXWL? 2.250 57.2 1.906 48.4 14.82 3.8 4 Regular
NQWL* 2.750 69.9 2.375 60.3 23.0 5.2 3 Taper
NXWL? 2.875 73.0 2.391 60.7 23.30 6.8 3 Regular
HQWL! 3.500 88.9 3.062 77.8 38.2 7.7 3 Taper
HXWL? 3.500 88.9 3.000 76.2 36.72 8.7 3 Regular
PQWL! 4.625 117.5 4.062 103.2
CPWL? 4.625 117.5 4.000 101.6

 Q Series rods are specific manufacturer's design.
2 X Series rods are specific manufacturer’s design.

API Tool Joints — Internal Flush (in-lb system)

Joint body Thread
Type/size o.d. Pin i.d. type
API 2-3/8 3.375 1.750 Taper
API 2-7/8 4.125 2.125 "
API 3-1/2 4.750 2.687 "
APl 4 5.750 3.250 "
API 4-1/2 6.125 3.750 "
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Table 2-4.—Diamond Core Drill Manufacturers Association casing specifications

DCDMA Casing Design

. Inside Inside
Qut3|de diameter diameter Gallons Thre_ads per
: diameter . : Mass inch
Size W series X series per per ft
100 ft
in mm in mm in mm W series X series
RW, RX 1.44 36.5 1.20 30.5 1.20 302.0 5.7 1.8 5 8
EW, EX 1.81 46.0 1.50 38.1 1.63 41.3 9.2 2.8 4 8
AW, AX 2.25 57.2 1.91 48.1 2.00 50.8 14.8 3.8 4 8
BW, BX 2.88 73.0 2.38 60.3 2.56 65.1 23.9 7.0 4 8
NW, NX 3.50 88.9 3.00 76.2 3.19 81.0 36.7 8.6 4 8
HW, HX 4.50 114.3 4.00 100.0 4.13 104.8 65.3 11.3 4 5
PW, PX 5.50 139.7 5.00 127.0 5.13 130.2 14.0 3 5
SW, SX 6.63 168.3 6.00 152.4 6.25 158.8 16.0 3 5
uw, UX 7.63 193.7 7.00 177.8 7.19 182.6 2 4
ZW, ZX 8.63 219.1 8.00 203.2 8.19 208.0 2 4

W series casing is known as "flush-coupled casing." W series casing has flush inside diameter throughout, while X series
casing has upset diameter with coupling inside diameter equal to flush wall inside diameter.
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Table 2-5.—Approximated core and hole diameters for core barrels

Set bit dimension

*Core inside diameter Set reaming shell
barrel =~ Core Diameter =~ Hole Diameter
type/group
in mm in mm

Conventional Core Barrels *

RWT (d) 0.735 18.7 1.175 29.8
EWD, 0.835 21.2 1.485 37.7
EWG (s.d.), EWM (d) 0.845 215 1.485 37.7
EWT (d) 0.905 23.0 1.485 37.7
AWD,, AWD, 1.136 28.9 1.890 48.0
AWG (s.d.), AWM (d) 1.185 30.1 1.890 48.0
AWT (d) 1.281 325 1.890 48.0
BWD,, BWD, 1.615 41.0 2.360 59.9
BWG (s.d.), BWM (d) 1.655 420 2.360 59.9
BWT (s.d) 1.750 444 2.360 59.9
NWD,, NWD, 2.060 52.3 2.980 75.7
NWG (s.d.), NWM (d) 2.155 54.7 2.980 75.7
NWT (s.d.) 2.313 58.8 2.980 75.7
HWD,, HWD, 2.400 61.1 3.650 92.7
HWG (s.d.) 3.000 76.2 3.907 99.2
HWT (s.d.) 3.187 80.9 3.907 99.2

DCDMA Large Diameter—Double-Tube Swivel—Core Barrels

2-3/4 x 3-7/8 2.690 68.3 3.875 98.4
4 x5-1/2 3.970 100.8 5.495 139.3
6 x 7-3/4 5.970 151.6 7.750 196.8

Wire-line Core Barrel Systems 2

AXWL (joy) 1.016 25.8 1.859 47.2
AQWL 1.065 271 1.890 48.0
BXWL 1.437 365 2.375 60.3
BQWL 1.432 36.4 2.360 60.0
BQ,WL 1.313 334 2.360 60.0
NXWL 2.000 50.8 2.984 75.8
NQWL 1.875 476 2.980 75.7
NQ.WL 1.75 44.4 2.980 75.7
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Table 2-5.—Approximated core and hole diameters for core barrels
(continued)

Set bit dimension

*Core inside diameter Set reaming shell
barrel = Core Diameter = Hole Diameter
type/group ) )
in mm in mm

Conventional Core Barrels *

HXWL 2.400 61.0 3.650 92.7
HQWL 2.500 63.5 3.790 96.3
HQ,WL 2.375 60.3 3.790 96.3
CPWL 3.345 85.0 4.827 122.6
PQWL 3.345 85.0 4.827 122.6
PQ.WL 3.25 82.6 4.827 122.6

* Conventional double-tube core barrels are available in either rigid or swivel
designs. The swivel design inner barrel is preferred for sampling because it aids in
preventing core rotation. In general, smallest core for given hole size results in
best recovery in difficult conditions (i.e., triple-tube core barrels). Use of double-
tube-swivel type barrels, with split liners, are recommended in geotechnical
investigations for best recovery and least sample damage.

2 Wire-line dimensions and designations may vary according to manufacturer.
*s = single tube d = double tube

is such that 20- by 150-mm (3/4- by 6-in) nominal core- mud, compressed air, or air-foam are used to cool and
barrel bits will pass throughW casing and will drill a hole  lubricate drill bits and to hold drill cuttings in suspension for
large enough to admit flush-joint&tV casing (next smaller  circulation to the top of the hole at ground surface.
size) and so on to thRW size. An illustration of nested Accessories essential for a drill rig are:

casings and casing terminology is shown on figure 2-27.
¢ A watermeter

The straight A through N drill rods with no group ¢ A cathead winch and derrick for driving casing and
designation are no longer commonly used. The recent trend for hoisting and lowering drill rods

in the drilling industry has been toward thgroup of drill * A pump for circulating drilling fluid to the bit and for
rods with taper threads although soWegroup rods are flushing and water testing the hole

still frequently used. Wire-line drill rod (casing) sizes are ~ ® The required driving hammer, bits, drill rods, and
also listed on table 2-3. Wire-line core barrel systems have core barrels

not been standardized by DCDMA, but most manufacturers

adhere to nominal hole and core sizes listed in the tables. Usually, supported holes are required except when drilling
through competent rock or stiff cohesive soils. A short

Rotary drills are mechanical and/or hydraulic, engine-surface casing about 1.5 to 3 mm (5 to 10 ft) long is

powered drills designed for medium rotational torque atcommonly used at the top of the hole. Use of drilling

variable rotational speeds from low1Q0 r/min) for hole  fluids—including hole wall stabilizer compoundsften

penetration using tricone rock bits or carbide-tipped dragnullifies the need for casing in soil, but tfieundation

bits to medium-high {800 r/min) for undisturbed soil cannot be effectively water tested when bentonite drill mud

sampling or rock core drilling with core barrels. is used.

All rotary drills are equipped with high-pressure fluid At least two drive hammers should be available, a 64-kg

injection pumps or air compressors to circulate drill fluid (140-lbm) safety or autoatic hammer for standard field
media. These media, which may consist of water, drillpenetration tests (see USBR 7015) and a 113 to 181 kg mass
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(250 to 400 Ibm) for driving and removing casing pipe. The proved extremely effective for the petroleum industry, the
hammer is raised by pulling tight on an attached rope whiclrotary-table drill was not designed to perform relatively
is threaded through a sheave at the top of the derrick andhallow subsurface investigations. This type of drilling
wound two to four times on the revolving cathead winch. operation is prohibitively costly for shallow exploration
Sudden loosening of the rope permits the hammer to dropvork and results in extremely poor core quality in
on the driving head attached to the casing. Various types dbw-strength rock.
chopping bits are used to facilitate driving casingtigh
soils containing cobbles and boulders. Large boulders mus& smaller version of the rotary-table drill was developed by
be drilled with a diamond bit or a roller rock bit or blasted. drilling rig manufacturers to perform shallow explorations
Casing is raised before blasting. Figure 2-28 shows a driland for water well drilling. These drills are generally truck-
rig with derrick. mounted rigs with either a chain-driven or gear-driven

rotary table. Use of smaller, lower pressure pumps with
Although the rotary drill was designed primarily for bypass systems provides better control over downhole fluid
penetrating rock rather than soil, many sample barrels angressure that can easily erode or fracture subsurface soil or
cutting bits have been developed for investigating a widerock. Mechanical chain pulldowns were added to eliminate
variety of soil deposits. Double-tube core barrel samplersuse of heavy drill collars and for more precise control over
of the Denison, Denver, Pitcher, and double-tube augedownward bit pressure. However, a drill with a mechanical
types are capable of obtaining 150-mm (6-in) diameterchain pulldown is not designed with the precision control
undisturbed samples of sands, silts, or clays for laboratoryfeatures necessary to recover high-quality core samples of
testing. These samplers are described in USBR 7105.  soil or laminated hard to soft rock. This type of rotary-table

drill is used primarily in the water well industry and can be
The following discussion, excerpted from tBesign of a useful method for installing ground-water monitoring
Small Damg16] provides a comprehensive review of rotary systems.
drilling equipment technology.

Rotary-table drills can drill holes from 150 to 600 mm (6 to

b. Rotary Drills.—Seven distinctively different types of 24 in) in diameter. Depth capabilities can range from 750

rotary drills are used for subsurface explorations: to greater than 3,000 m (2,500 to > 10,000 ft).
e Rotary-table drills 2. Top-Head Drive Drills.—The top-head drive drill
e Top-head drive drills was developed to provide greater operator control over the
¢ Hollow-spindle drills drilling operation. This is accomplished through use of
e Fluted Kelly drills variable-speed hydraulic pumps and motors to control

e Reverse-circulation (rotary and percussion) drills  rotational speed and downward bit pressure. Incorporation
e Top-head drive with percussion casing hammer drillsof hydraulic systems into drilling machinery vastly
e Horizontal rotary drills improved drilling capabilities, performance, and
reliability—with less down time for costly repairs. A skilled
Each type of rotary drill is described; and a typical operator can precisely control even the largestiead
application for which each drill was designed follows. In drive drill by:
addition, although not classified as a rotary drill, operation

and use of a churn/cable-tool drill is described. e Monitoring drill-head hydraulic pressure (indicating
bit torque resistance),

1. Rotary-Table Drills.—Initially, rotary drills were e Monitoring drill fluid circulation pressure (indicating
developed for the petroleum industry as a stationary-plant, open-hole, blocked-hole, open-bit, or plugged-bit
heavy-duty dil machine that used a large rotational table condition), and
mechanism to provide rotary power to a rigid tubular string e Controlling applied hydraulic pulldown pressure,
of rods with a bit attached. Hole penetration, using rotary- making it compatible with required bit pressure to
table drills, is accomplished by using heavy, weighted drill drill a given formation at a constant and efficient rate
collars coupled to the drill rod and high-pressure pumps that of penetration.

discharge drill cutting circulation fluid through small jet

ports in the bit. The mass, cutting action of the rotary bit, In addition to controlled hydraulic down pressure (crowd

and high-pressure jettinaetion of the circulation fluid all  pressure), the new top-head drive drill rigs are equippedwith
combine to rapidly advance the drill hole through all types"float" controls that provide pulldown pressure equal to the
of surficial deposits and bedrock. Although this type of drill weight of the drill head and in-hole drill tools, and
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Figure 2-28.—Photograph of typical rotary drill showing some of the essential equipment for rotary
drilling.(Central Mine Equipment Company)

126




CHAPTER 2—INVESTIGATION

with "hold-back" controls, which apply a back pressure torequired, a large-diameter wire-line system should be used
the down pressure to reduce applied weight at the bit. Alito enhance the efficiency of the op#on and to eliminate
of these features make the top-head drive rotary drill one othe need for removing all dirrod from the hole for core
the most advanced drilling units for high-quality subsurfacerecovery.
explorations.
In all coring operations using air-foam as the circulation
Top-head drive rotary drills are generally long-stroke drills media, the o.d. of the core bit must be sized to drill a hole
capable of a continuous penetration of 3 to 10 m (10 tono less than 22 mm (7/8-in) larger in diameter than the o.d.
30 ft) without requiring additional rods or "rechucking." of the drill rod. Water or low-viscosity drill mud
Conventional drilling to advance boreholes to specific depthscirculation could be accomplished with a core bit no less
is normally accomplished using 60 to 140 mm (2-3/8 tothan 13 mm (1/2-in) larger diameter than the o.d. of the
5-1/2 in) outside diameter (0.d.) drill rods. For drilling rod.
stability, maintenance of hole alignment, and efficient
circulation of drill cuttings out of the hole, drill rod Hole diameters using top-head drive drills generally range
diameter should not be less than one-half the diameter of thEom 150 to 600 mm (6 to 24 in); depth capabilities may
cutting bit. A drill rod/bit combination of a 115-mm- range from 460 to more than 1,525 m50Q to 5000 ft).
(4-1/2-in-) o.d. rod and a 200-mm (8-in-) diameter bit Figure 2-29 shows a top-head drive drill with head in mast.
results in a nominal annulus of 44 mm (1-3/4 in) between
the rod and drill hole wall. This size annulus is adequate 3. Hollow-Spindle Drills.—The hollow-spindle drill
for efficient removal of all drill cuttings by high-velocity is a multiple-use drill developed for rapid changeover from
circulation of drill fluid while maintaining minimum pump auger drilling to rotary or core iling operations.
pressure. For holes larger than 200 mm (8 in) in diameterBasically, the hollow-spindle transmits rotary drive power,
centralizers or stabilizersabout 25 mm (1 in) smaller in  pull down, and retract to the specific drill tools being used.
diameter than the bitshould be added to the drill rod string Unlike other rotary drills designed to drill only with tubular-
on approximately 9-m (30-ft) centers. These devicesshaped drill rods or heavy-duty Kelly bars, the hollow-
stabilize the drill string and aid removal of drill cuttings spindle drillhead was designed for attachment of a flight
from the hole through a reduced annulus area. auger or hollow-stem auger drive head. Manual or
hydraulically activated chuck assemblies can be used to
Downhole percussion hammers are commonly used wittclamp tubular drill rods, or automatic chuck assemblies for
top-head drive drills for rapid penetration through hard clamping and drilling with fluted Kelly drive bars.
materials and to maintain a better drill-hole alignment than
can be achieved with use of tricone rock bits. Another advantage of a hollow-spindle drill is that the
spindle opening provides access for passage of sampling
Tricone rock bits are generally rotated 3 to 4 times fastettools or of testing tools through larger-diameter drill rod or
than a downhole hammer but tend to drift off alignmentthrough the hollow-stem auger without having to
when one or more cutting cones contact the edge of alisassemble major equipment. This is esphci
boulder or other obstruction. Downhole hammers areadvantageous with hollow-stem auger drilling, wire-line
operated with air or an air-foam mix as the drilling fluid and core drilling, or penetration resistance testing operations.
are generally rotated between 12 and 20 rpm. The bit is
slightly concave and embedded with rounded Hollow-spindle drills are manufactured either with variable-
tungsten-carbide buttons that chip away at the rock with thespeed hydraulic drillheads or mechanically driven drillheads
rapid in-out percussion impact blows. The slow rotationwith multiple rotary-speed transmissions. Pulldown feed
and direct impact hit of the single-piece button bit can resultrate and retraction are hydraulically controlled and can be
in a truer hole alignment than using a 3-roller tricone bit. set to automatically maintain a constant rate of feed and
Under reamer percussion, bits also allow rapid drilling orpressure on the drill bit.  Hollow-spindle drills are
casing through overburden materials. manufactured with capability to drill 1.7 to 1.3 m (6 to
11 ft) in a single feed stroke without having to add drill rods
In subsurface exploration programs, top-head drive drillsor rechuck to achieve additional depth.
are commonly used to install ground-water monitoring
systems and structural-behavior monitoring instruments.A wide variety of sampling and in-place testing operations
They are used for geothermal investigations, drilling wastecan be performed with a hollow-spindle drill. Disturbed
injection wells, and to recover large-diameter samples okamples can be obtained by flight auger drilling.
surficial deposits or rock core. When continuous cores aréJndisturbed samples can be obtained using 75 to 125 m
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Figure 2-29.—Top-head drive drill with head-in mast for drilling.

(3 to 5 in) thinwall push tubes or with soil samplers of saturated soils with sampling tools that require an inner
designed to lock within the hollow-stem auger androd within the drill rod. Rock coring operations can be

simultaneously recover a soil core sample with advancementerformed using wire-line systems or conventional core
of the auger. Large-diameter undisturbed soil samples [10®arrels with water, air, or air-foam circulation media.

to 150 mm diameter (4 to 6 in)] can be recovered using drill

mud or air-foam circulation media and conventional soil- In-place testing can be conducted from within the hollow-

sampling core barrels. The hollow-spindle design alsostem auger or casing without major equipment changeover.
permits piston sampling of noncohesive sands or samplingpecific in-place tests, which can be efficiently performed

128



CHAPTER 2—INVESTIGATION

with a hollow-spindle drill, are vane shear, penetration holes through surficial deposits and bedrock, to set casing,
resistance, flat plate dilatometer, and hydraulic Dutch-coneand to recover large-diameter 100- to 150-mm (4- to 6-in)
testing. undisturbed soil or rock cores with conventional core
barrels. Usually, drill mud or air-foam is used to remove
Hollow-spindle drill holes generally do not exceed 200 mm cuttings. A fluted Kelly drill is not considered efficient for
(8 in) in diameter. Depth capabilities vary: exploration programs where continuous core recovery is
required because they are not generally equipped for wire-
e 45 m (150 ft) approximately, through surficial line core operations. This limitation significantly reduces
deposits with a hollow-stem auger, coring production because all rods and the core barrel must
e 60 m (200 ft) through surficial deposits with a flight be removed from the hole after each core run.
auger,
e 245 m (800 ft) through surficial deposits and bedrock Fluted Kelly drills are best used for drilling and installing
with a 150-mm- (6-in-) diameter rotary bit, and water and/or wells. Hole sizes may be drilled to 300 mm
e up to 305 m (1,000 ft) through bedrock with a (12 in)in diameter and to depths ranging from 300 to 450 m
75-mm- (3-in-) diameter wire-line coring system. (1,000 to 1,500 ft).

4. Fluted Kelly Drills.—Figure 2-30 shows a fluted 5. Reverse-Circulation Drills.—A reverse-
Kelly drill setup. A rotary drill equipped with a fluted Kelly circulation drill (rotary and percussion) is a specialized
rod is designed to continuously drill 3 to 9 m (10 to 30 ft) rotary or percussion drill that uses a double-walled tubular
(depends upon length of Kelly rod) titut having to add  drill rod. The circulation drilling media, compressed air or
additional drill rods. The Kelly rod is a thick-walled tubular air-foam, is forced downhole through the annulus between
steel rod with 3 or 4 semicircular grooves milled on equallythe inner and outer rod wall. For a reverse-circulation
spaced centers into the outer wall of the rod and parallel tootary drill, the circulation media is ejected near the tool
the longitudinal axis of the rod. The milled grooves (flutes) joint connection between the rotary bit and the center rod.
run continuously along the total length of thell rod The media circulates around the outside face of the bit to
except through the upper and lower tool joint connections.cool the bit and moves drill cuttings upward through a
center opening in the bit. The cuttings are forced up the
Drills equipped with fluted Kelly rods are generally center tube to a discharge point at the hole collar. For a
designed so rotational power is supplied to the Kelly rodreverse-circulation percussion drill, the circulation media is
through combined use of gationary drillhead and rotary ejected just above the drive shoe on the outer rod. The
quill.  The quill is equipped with automatic pulldown to circulation media forces drill cuttings in the drive shoe
apply downward pressure and a Kelly drive bushing forupward through the center tube to a discharge point at the
rotational drive to the Kelly rod. The Kelly drive bushing hole collar, as shown in figure 2-31 from reference [34].
contains hardened steel pins sized to fit into the rod flutes
which transmit rotational drive power to the Kelly rod. The reverse-circulation rotary drill uses a hydraulically
While rotational torque is being applied by the drive bushingpowered top-head drive drillhead and hydraulic
pins within the flute grooves, the Kelly rod has unrestrictedpulldown/retract system. This drill is especially useful for
up or down movement throughout the total length of thedrilling through loss cirdation zones (loose sands, voids,
flutes. Hole advancement is accomplished by engaging thetc.), for recovering uncontaminated disturbed samples, and
automatic pulldown to clamp and apply hydraulically for testing water aquifer yield. Drill depths to 300 m
controlled down pressure to the Kelly rod. It is common (1,000 ft) can be achieved using a dual-wall drill rod with an
practice to disengage the automatic pulldown, in relativelyo.d. of 140 mm (5-1/2 in) and a center tube inside diameter
easy drilling material, and let the weight of the total drill of 80 mm (3-1/4 in).
string (Kelly rod, attached drill rods, and bit) advance the
hole with holdback control maintained by braking the draw- The reverse-circulation percussion drill uses an air- or
works hoist cable attached to the top of the Kelly rod. diesel-powered pile drive hammer to drive dual-wall drive
(Draw works: an oil-well drilling apparatus that consists of pipe ranging from 140 mm o.d. (5.5 in) outer tube by
a countershaft and drum and that is used for supplyind83 mm i.d. (3.25 in) inner tube to 610 mm o.d. (24 in)
driving power and lifting heavy objects.) outer tube by 305 mm i.d(12 in) inner tube. Depth
capabilities range from 15 m (50 ft) (with the 610-mm o.d.
Fluted Kelly dills are commonly used for subsurface drive pipe) to 105 m (350 ft) (with the 140-mm o.d. drive
exploration to bore 150- to 200-mm- (6- to 8-in) diameter pipe). This drill is especially good for drilling gravel to
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F|gure 2-30.—Fluted Kelly drill setup. Automatic puII down chuck
assembly and breakout table.
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Figure 2-31.—Dual-wall reverse-circulation method.
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boulder-size material and for recovering uncontaminatedCasing driver systems are very efficient in terms of
disturbed samples of sand, gravel, and cobble-size materiaproduction. Production rates of up to 60 m (200 ft) per day
can be realized. They are very advantageous for instrument
Another advantage of a reverse-circulation percussion drilinstallations where the goal of the program is to rapidly
and dual-wall drive pipe system is that the drive pipe can bgroduce a boring, and sampling or testing can be performed
used as a temporary casing through coarse aggregatdong the way though the casing. Some casing driver
deposits. Smaller dis then can be set over the casing to systems are equipped with underreaming downhole
conduct coring operations, perform in-place tests, or instalhammers. The hammer has an eccenetric bit that can cut a
subsurface instrumentation systems. borehole slightly larger than the casing; and, in some cases,
the casing can be dropped under its own weight. These
A special version of a reverse-circulation drill known as thesystems are useful in deposits containing cobbles and
"Becker" drill uses a double-acting diesel hammer. boulders and are often used for drilling rockfill sections of
Research is being performed to obtain penetration resistanaambankments.
test data using this drill to evaluate loose or dense conditions
in gravels. Reclamation has used these drills on severdCasing drivers can be operated using several methods.
dam investigations for evaluating the penetration resistance
of gravels. The casing advancer has an advantage that the casing
maintains an open hole and prevents caving and possible
6. Top-Head Drive With Percussion Casing blocking of circulation which could result in fracturing
Hammer Drills.—This drill is essentially the same as the problems. One method to reduce the potential for hydraulic
conventional top-head drive drill previously described fracturing of embankments consists of using a rotary rock
except it is equipped with an automatic casing hammer bit which is kept inside of the casing so that a small soil
Addition of an automatic casing driver allows equipment to plug in the end reduces the possibility of fracturing (see
be used to simultaneously advance casing during rotarypection 2-12 for drilling methods in existing dams). This
drilling operations. This is especially advantageous whentechnique is used when drilling impervious zones of dams.
drilling through materials susceptible to caving or squeezingWhen cobble, boulder materials, or bedrock is encountered,
such as sand-cobble-boulder strata, saturated sands, and stife bit or a downhole hammer must be extended past the
saturated silts and clays. casing.

Automatic casing drivers are designed for use only with top-After backfill is placed to a height of about 9 m (30 ft)
head drive rotary drills. The casing driver has a circularabove the hole bottom, 3 to 9 m (10 to 20 ft) of casing is
opening through the center of the driver assembly so drilremoved followed by continuation of backfilling. This
rods can rotate inside the casing. This permits simultaneouprocedure leaves the upper part of the backfill within the
drilling advancement with casing advancement. As thecasing at all times to prevent any caved material from
casing driver lowers during percussion driving of the damaging the instrument or contaminating the backfill. The
casing, the drillhead also lowers to ream a pilot hole for thepercussive blows of the casing driver contribute to
casing drive shoe and cuttings are removed from within theconsolidation of backfill material by vibrating the casing
casing; see figure 2-32 [34]. during removal.

The compressed-air-powered driving ram is designed tolhe action of the casing driver can be similar to
impact the casing drive anvil with a driving energy ranging displacement piles if the bit is withdrawn inside the casing
from 1750 N-m (1,300 Ibf) for the smaller drivers, to 10000 during hole advance. Some soil is displaced laterally as the
N-m (7400 Ibf) for the larger drivers. Circulation media for casing is advanced, and corresponding vibrations may
removing cuttings is compressed air or air-foam. Cuttingscause densification of surrounding soils. The zone of
travel upward through the casing to a discharge spout that igfluence is assumed to be small (300 to 900 mm [1 to 3 ft])
a component of the casing driver. when adequate precautions are taken, but influence may
affect testing between closely spaced boreholes (i.e.,
Casing can be removed using the casing driver to drivecrosshole shear wave velocity which is normally performed
upward for impact against a pulling bar anvil positioned in at 3-m [10-ft] spacings). Densification effects may be more
the top of the driver assembly. The bottom of the pulling pronounced in loose cohesionless soils.
bar, opposite the upward-drive anvil, is connected to an
adaptor "sub" for attachment to each section of casing.
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drive casing. (Aardvark Corporation)
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7. Horizontal Rotary Drills.—Special self-propelled  Drilling is accomplished using a custom-size drill rod,
horizontal rotary drills are used to install perforated or 57 i.d. by 76-mm o.d. (2-1/4 by 3 in), or 114 i.d. by 127-m
slotted pipe drains to stabilize water-saturated landslideo.d. (4-1/2 by 5 in). The smaller rod is used tdalhs
areas. The success of this innovative idea resulted ib0-mm (2-in) diameter slotted polyvinylchloride drain pipe;
development of specialized drilling equipment and slottedthe larger rod is used to install up to 100-mm- (4-in-)
polyvinylchloride drainpipe. Horizontal rotary drills are diameter drain pipe, piezometers, or inclinometer casing.
crawler tractor-mounted for all-terrain mobility and are Special carbide tipped drag bits or tricone bits are locked to
designed with proper mass distribution for stability to a drill sub on the lead rod that is manufactured with two
provide the required horizontal thrust. The track carrier L-shaped slots milled into opposite sidewalls of the drill
power unit provides mechanical tracking power for the subbody. The bit shank (threaded tool joint connection of
tractor and for total hydraulic power for the drill unit. The the bit body) is welded to a tubular steel sleeve that is milled
rotary drillhead is positioned on a box-beam slide attachedvith an inside diameter slightly larger than the o.d. of the
to the side of the tractor. The slide can be positioned byL-slotted dill sub. A hardened steel pin is welded across
hydraulic cylinders to drill at any angle from vertical the inside diameter of the bit sleeve for locking into the
downward to 45 above horizontal. Drilling is continuous L slots of the sub. The bit is attached for drilling by
over a 3-m travel length of the drillhead on a smooth planepushing the bit sleeve over the drill sub to bottom contact of
surface of the beam slide. Forward thrust and retract of th¢he hardened pin into the L slot and locked by one-quarter
drillhead is hydraulically controlled through combined use turn in the opposite direction of the drilling rotation.
of a hydraulic ram, equipped with wire rope sheave wheelsFigure 2-33 shows an Aardvarkmodel 500 horizontal drill
and a cable (wire rope) attached to the drillhead. in operation.

- . & I} 1
et .

Figure 2-33.—Horizontal rotary drill. Aardvark model 500 drill
with adjustable box-beam slide, crawler-tractor mounted.
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Drilling for drain installations, such as landslides, is c. Core Dirilling for Tunnel Alignment Geology.—A
performed using water as the cirtibn media to remove river diversion tunnel alignment at Reclamation's Buttes
cuttings. Horizontal or angle drilling into slide zones is Dam, Arizona, was horizontally core drilled to a depth of
generally a high-production operation [average drilling 283 m (927 ft) using a horizontal rotary drill and NWD-3
penetration rate is 2.5 to 3 m/min (8 to 10 ft/min)], core-barrel assembly. Core recovery was 98.9 percent.
primarily because of the saturated and loose condition of théroduction rate wagood at an average of 8 (26 ft) per
material. Holes can be drilled to 245-m (800-ft) depthsworkshift; however, the addition of a pump-in wire-line
(horizontally or nearly so) using a 114-mm (4-1/2-in) bit for core barrel would have had the potential to triple
the 76-mm- (3-in-) o.d. drill rod, and to 150-m (500-ft) conventional core-barrel production.

depths using a 165-mm (6-1/2-in) bit for the 127-mm-

(5-in-) o.d. drill rod. Drain installations are commonly d. Slope Inclinometer Casing Installation.—Using a
drilled in a fan pattern through the slide material or wethorizontal rotary drill is a productive and efficient method
area. for drilling, installing, and grouting inclinometer casing in

place. The drill can be track-walked under its own power
After the hole is completed to the designed depth, the driltto difficult access sites. The inclinometer hole can be
head is unthreaded from the drill rod, and ttelb drilled with a 158-mm (6-1/4-in) expendable bit and a
polyvinylchloride drain pipe is installed within the drill rod 108-mm- (4-1/4-in-) i.d. drill rod. The inclinometer casing
to contact with the drill bit at the end of the hole. A one-can be installed to the hole bottom through the large-
way check valve assembly, positioned behind the dischargdiameter drill rod. After releasing the expendable bit, the
ports of the bit, inhibits entrance of ground water or drill annulus between the hole wall and inclinometer casing can
cuttings into the rod during drain pipe installation. Drain be grouted by pumping grout through the drill rod. When
pipe installation into the drill rod is measured to equal totalgrout fills to the hole collar, drill rod can be removed from
hole depth plus 1 m (3 ft) to ensure the water dischargehe hole to complete the inclinometer casing installation.
point is outside the hole collar. The drill head is power After completion, a water-injection pipe should be lowered
threaded onto the drill rod containing the slotted drain pipe,to the bottom of the hole inside the inclinometer casing, and
and an additional 300 to 460 mm (1 to 1-1/2 ft) of drilling clean vater should be circulated to remove any grout that
penetration is made without using circulation media. Thismay have entered through the casing joints.
operation forces dry cuttings to plug and seize the drill bit
so that it can be detached from the drill rod. After the dry e. Piezometer Installation.—The drilling and
drilling, water is pumped into the drill rod to about installation procedure is theume as that described for an
2070 kPa (300 Ibf/if) pressure behind the plugged bit. A inclinometer casing. However, the backfilling procedure is
reverse rotation on the drill rod unlocks the expendable bitmodified to be compatible with the type of backfill material
from the L-slot drill sub. This is followed by a rapid (high used. Generally, a uniformly graded clean sand is placed
power) pullback on the drill rod while monitoring pump around the piezometer tip or to a specified height above the
pressure for indication of a sudden pressure drop. Thelot openings of a well screen. This can be accomplished by
pressure drop confirms bit drop off, which is immediately placing in the drill rod a measured volume of backfill
followed by rapid withdrawal of the drill rods. The bit cost material 28 to 57 liters (1 to 23ftgreater than the volume
is insignificant when compared to cost of removing all drill required to fill the hole after removal of a singldéidiod.
rods, saving the bit, and attempting to install drain pipe intoThen, the drill head is threaded onto the collar rod, and one
a hole that has collapsed. As the rods are withdrawn, theod is removed while rotating slowly while clean water is
drain pipe is maintained in the hole (against the expendablsimultaneously pumped to force the backfill out of the rod.
bit) by continuing to inject water against a floating piston This procedure leaves 300 to 600 mm (1 to 2 ft) of material
device seated against the outlet end of the drain pipe. Thim the bottom rod and protects the piezometer from an open
floating piston maintains pressure on the drain pipe tohole condition and possible caving. The backfill and rod
prevent withdrawal of the drain during rod removal. After removal procedure is repeated in like increments to
all rods are removed, the drain discharge is plumbed into @ompletion of the hole.
manifold pipe assembly and conduit to direct the water away
from the slide zone or wet slope area. f. Settlement-Plate  Monitoring Systems.—

Reclamation's Choke Canyon Dam, Texas, was constructed
In addition to drilling for drain installations, horizontal with 0.84-n% (1-ycf) steel settlement plates embedded at the
rotary drills have proved extremely efficient and effective interface between the embankment and compacted
for use in performing other types of subsurface workoverburden material just below the embankment. After
discussed below. completion of embankment construction, a horizontal rotary

drill was set on the 3:1 (horizontal : vertical) downstream
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slope face to drill and install a steel reinforcement The churn/cable-tool drill is sometimes used to drill and
measurement rod to contact on the plate for surveythen drive casing pipe through cobble-laden or fractured
monitoring of embankment settlement.  Drilling was material so core drilling of deeper formation material can be
conducted using 76-mm- (3-in-) o.d. rod and a 108-mmdone with diamond-core drills.  When vertical hole
(4-1/4-in) drag bit with water circulation media. The plates alignment is critical, the churn/cable-tool drilling method is
were located at six separate stations along the embankmenery effective.  The churn/cable-tool drill was used
at an average depth of 43 m (140 ft). After the bit contactedsuccessfully by the petroleum industry to drill 380-mm-
each plate, the rods were pulled and the bit removed. (15-in-) dameter holes to depths of 2,000 m (7,000 ft).
Simplicity of equipment makes churn/cable-tool drilling
The second drill phase was conducted with an open drill sulbperations one of the least expensive methods for boring
on the lead rod to contact the steel plate. HBenm- holes.
(2-in-) diameter casing pipe was lowered through the drill
pipe to plate contact. A bentonite seal was injected to the h. Rock Core Dirilling.—Rock core drilling is
bottom of the hole during removal of a 3-m (10-ft) rod accomplished with mechanical, engine-powered rotary drills
section. The bentonite was used to seal the casing to inhibitesigned to drill rock and to recover cylindrical cores of
grout intrusion. The installation was completed by filling rock material. Most core drilling equipment is designed with
the annulus between the casing and hole wall with grougear or hydraulically driven variable-speed hollow-spindle
from the top of the bentonite seal to the hole collar. Afterrotary drill heads (fig. 2-34). Average core-diameter
removal of all drill rods from the hole and initial grout set, capability of these drills ranges from 19 to 85 mm (3/4 to
a reinforcement steel rod was installed through the casing t8-3/8 in) and to 300-m (1,000-ft) depths. Larger-diameter
plate contact. The top of the steel rod is a survey point ta@oring operations [100 to 150 mm (4 to 6 in)] are usually
monitor embankment settlement. performed using rotary drills, and cores to 1.8 m (6 ft) in
diameter can be drilled and recovered using a shot/calyx
g. Churn/Cable-Tool Drills.—Although incapable of  drill.
performing rotary drilling operations, the churn drill or
cable tool is sometimes used in lieu of, or in combinationA general misconception is that for coring operations with
with, rotary or core drills. The churn/cable-tool drilling diamond core bits to be efficient, drilling must be performed
procedure is one of the oldest known methods of boringat the highest rotary speerkbgardless of core size.
holes and continues to be a favored method itb vdater However, this operational procedure usually results only in
wells. Diilling is performed by raising and dropping a shortened bit life, poor penetration rate, and excessive
heavy string of tools tipped by a blunt-edge chisel bit. Thevibration that results in broken cores or core blockage.
tools are attached to a steel cable that is alternately raisediamond drill manufacturer’'s literature serves as an
and released for free fall by a powered drum assembly. Thexcellent guide for selecting bit styles and evaluating bit
cable is suspended from a sheave assembly mounted on avear [32, 35, 36].
oscillating beam that absorbs the shock load created by
quick load release on the taut cable upon impact of the drilDiamond-core drilling can be compared to using drill
tools in the bottom of the hole. The impact of the blunt- presses or center-bore lathes in a machine shop. A small-
edge chisel pulverizes soil and rock material, and thediameter drill bit must be rotated at high speed with
borehole is advanced. The cuttings are suspended in minimum pressure applied to the bit, while a large diameter
slurry injected into the borehole. After each 3- to 6-m (10-drill bit must be rotated at a low rate of speed with
to 20-ft) penetration, the cable tools are hoisted out of thesignificant pressure on the bit. Any variation from this
hole, and a cylindrical bailer equipped with a bottom checkprocedure results in bit chatter, dulled drill bits, and poor
valve is lowered into the hole to remove the slurry. Thispenetration rate. The same is true for a core drilling
process is repeated to total hole depth. operation. Rotational speed and "crowd" pressure must be
compatible with type and hardness of rock being drilled to
A sampling barrel also can be attached in place of the bluntachieve a smooth and steady rate of penetration throughout
edge chisel bit. In this mode, the churn/cable-tool drill canthe core length. Any variation results in loss of extremely
be used to sample and to advance the hole without usingxpensive core bits, poor production, and poor quality core
water, reslting in a muddy hole. The sampler mode has recovery.
been used to advantage in sampling glacial terrains where
great thicknesses of heterogeneous surficial deposits overliall core drills are equipped with pumps or compressors to
bedrock. The sampler mode of churn/cable-tool drilling circulate drill media through use of water, drilling mud, air,
has also been used to advantage for sampling andr air-foam to cool and lubricate the coring bits and to
instrumenting dam embankments. transport the drill cuttings to the top of the hole. Most core
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drills are equipped with a mast assembly, powered hoismaking bit changes. Core samples are retrieved by

assembly for hoisting heavy loads, and, sometimes, a wireremoving the inner-barrel assembly from the core barrel

line hoist assembly for hoisting or lowering a wire-line core through the drill rod. This is accomplished by lowering an

barrel through the drill rods. overshot or retriever, by wire-line, through the drill rod to
release a locking mechanism built into the inner-barrel head.

Although some core rigs have been manufactured with geafhe inner barrel is brought to the surface; the core is

or chain pulldown/retract systems, precise control over bitremoved, the inner barrel is returned to the bottom of the

pressure can best be accomplished with a hydraulichole through the drill rod, and coring is continued.

pulldown/retract system. The hydraulic system must have

a precision regulator control so desired pressure can be s@ther advantages of wire-line core drilling over

and maintained on the bit. Deep-hole rigs should beconventional core drilling are:

equipped with a hydraulic holdback control so the full

weight of the drill tools is not exerted on the drill bit. ¢ Production— Wire-line core drilling is three to four

times faster.
Many variations are available in design and mountings for e Hole Protection— The larger drill rod functions as a

drill rigs manufactured specifically for corin; however, there casing to protect the hole from caving matkeor
are only two basic types. They are conventional or wire- squeezing zones at all times.

line core drills, for drilling and recovering cores up to 150 e Drilling Stabilization— The wire-line drill rod helps
mm (6 in) in diameter, and shot/calyx core drills for to eliminate rod vibration and rotational whipping
drilling, and recovering cores to 1.8 m (6 ft) in diameter. action by minimizing the open hole annulus between

the outside of the rod and the hole wall.
Extended Bit Life— The only time wire-line rods

1. Conventional and Wire-line Core Dirills.—

Conventional and wire-line core drills are capable of high- must be removed from a core hole is to replace a
speed rotary core drilling (up to 1,800 rpm) for recovery of worn core bit. Rod trips in and out of a core hole, as
relatively small-diameter cores ranging from 19 to 150 mm with conventional core drilling operations, reduce bit
(3/4 to 6 in) in diameter; however, wire-line core recovery life because the o0.d. gauge stones (diamonds) on the
is limited to 86 mm (3-3/8 in) in diameter. bit are in contact with abrasive rock formations
during rod "tripping" operations. This is especially
Conventional core drilling is performed using standard true during angle or horizontal hole conventional
rotary drill rods and a core barrel. After each core run, all coring operations. In addition, removal of rods from
rods and core barrel must be removed from the hole to the hole may cause rock fragments to loosen and fall
recover the core. A wire-line core drill uses large inside- or wedge in the hole. As a result, reaming through
diameter drill rods through which an inner-core barrel the fallout material is necessary while the rods are
assembly is lowered by wire-line cable and locked into a lowered to the hole bottom.
latch mechanism in the lead rod. After each core run, an e Water Permeability Testing Water testing through
"overshot" tool is lowered by wire-line to unlock and a wire-line rod can be accomplished by hoisting the
retrieve the inner-barrel assembly for core recovery. rod above the test interval, then lowering a wire-line
packer unit through the bit for expansion and seal
Conventional core drilling is usually limited to relatively against the hole wall. dhventional core drill
shallow coring depths or when intermittent core runs are operations would require removal of all rods and core
separated by intervals of hole advancement by rock bitting. barrel before setting the packer at the zone to be
However, the nonrecovery advancement of boreholes tested.

between coring intervals also can be achieved with a wire-

line system by removing the inner core barrel and loweringSome core drills are designed with angle-drilling

a rock bit-designed with a wire-line latching capabilities, including up-hole drilling with underground

mechanisminto the wire-line drill rod. drills used in the tunneling and mining industry. Angle-hole
drills are generally small and can be quickly disassembled

Wire-line equipment is especially valuable in deep holefor moving by helicopter or other means into areas of rough

drilling since the method eliminates trips in and out of theterrain. Core drills can be mounted on motorized carriers,

hole with coring equipment. Figure 2-35 illustrates the trailers, skids, or stiff-leg columns for underground

working components of the wire-line core barrel. With the operations.

wire-line technique, the core barrel becomes an integral part

of the drill rod string. The drill rod serves as both coring Core drills have limited capability for drilling through

device and casing, and usually is not removed except whegravels, cobbles, or any surficial material that requires
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significant rotary torque. Generally, casing must be seta drill program. An investigation program with drilling
through surficial materials to preclude hole caving and lossoperations program can be a major cost, and proper
of drill fluid circulation. Core drill depth capabilities are planning is required to ensure that the program can be
limited mainly by hoisting capacity of the mast and draw performed without cost overruns. In planning a drill
works and by the ability to maintain a clean hole free of program, important areas to consider include:

cuttings.

2. Shot or Calyx Drills.—A shot drill, also called a
calyx drill, is a large rotary df used pimarily in large-
diameter (0.1 to 2 m [4 to 6 ft]) rock or coete core

e preplanning,

e site visit,

e topography and accessibility,
e protection of the environment,

drilling operations. After development and use of industrial e drilling concerns,

diamond-core bits, the shot or calyx drill became obsolete e equipment concerns,

in the United States, but still is used in some European and e traffic control and safety plans,

Asian countries. The primary differences between a e buried and overhead utilities,

shot/calyx drill and rotary core drills previously discussed e special considerations, and

are the tools and methods used to perform core drilling e preparation of drilling specifications.

operations. Coring is performed using a coring bit that is

a flat-face steel cylinder with one or two diagonal slots cut 2-12. Procedures for Drilling in Embankment

in the bottom edge. As the bit and core barrel are rotatedDams.—Concern exists throughout the geotechnical

small quantities of hardened steel shot (also calledcommunity regarding drilling in embankment dams and the

adamantine shot, buckshot, chilled shot, or corundum shotpotential for hydraulic fracturing of the impervious core

are fed at intervals into the drill-rod water injection system. during drilling. This concern has prompted an evaluation of

The water circulation media flows through the core barrelconditions and drilling methods which pose the greatest

around the bit face for cooling and return circulation of potential for hydraulic fracturing. The following procedures

cuttings, leaving the heavier steel shot on the hole bottomshould be followed when drilling in the impervious portions

The rotating core barrel creates a vortex at the bit, whichof embankment dams.

results in movement of steel shot under the flat face of the

bit. As the core bit rotates, the steel shot aids in coring  a. Conditions Conducive to Hydraulic Fracturing.—

penetration by abrasive cutting action on the rock. Reclamation’s embankment design and construction
practices, historically as well as currently, minimizes

A steel tube called a calyx barrel is attached to the uppedevelopment of stress patterns within an embankment caused

(head) end of the core barrel. The o.d. of the calyx barreby drill fluids during drilling. However, certain

is the same as that of the core barrel; the calyx barrel servemmbankment locations and conditions have a higher potential

as a stabilizing guide rod for the core barrel. The top endor hydraulic fracturing than others, and improper drilling

of the calyx barrel is open except for a steel yoke weldedprocedures or methods increase the potential for fracturing.

across the inside diameter of the barrel to a steel ringsite locations and conditions where hydraulic fracturing by

encircling the drill rod. In addition to functioning as a the drilling media are most likely to occur include the

stabilizer for the core barrel, the calyx barrel functions as afollowing:

bucket to catch and contain drill cuttings too heavy for

circulation out of the hole by drill water. Cores are

recovered by hoisting all rods and the core barrel out of the

hole using a cable draw-works system.

e Impervious cores with slopes steeper than 0.5H:1V,
within cutoff trenches, and upstream inclined.

e Near abutments steeper than 0.5H:1V; where abrupt
changes in slopes occur; or abdaindaries in the

Depth limitation for a shot/calyx drill depends on the mast foundation which sharply separate areas of

and draw works hoist capacity and on capability to maintain contrasting compressibility.

a clean open hole. Although smaller-diameter cores can be e Near rigid structures within embankments.

drilled with a shot/calyx drill, costs would be much higher e Impervious zones consisting of silt and mixtures of

than diamond drilling. Only on jobs where large-diameter fine sand and silt.

[1to 2 m (3 to 6 ft)] cores are required would efficiency and

price be comparable for diamond and for shot drilling. b. Recommended Procedures.—Recommended

procedures for developing exploration and instrumentation

programs and for drilling in the impervious portion of

embankment dams are as follows:

i. Planning a Drilling Program.—Planning is critical
to the success of a rotary drilling prograntngineering
Geology Field ManuaJ20] provides guidance on planning
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¢ A site-specific determination as to whether hydraulic e air-foam rotary

fracturing potential exists should be made by e reverse-circulation percussion/rotary

exploration team. e rotary percussion

If a potential for hydrofracturing exists, the type of

equipment and the method and technique proposed t&election of any one of the above methods should be based

be used must have the approval of the explorationon site-specific conditions, hole utilization, and availability

team. Once drilling has commenced, drilling of equipment and trained personnel. Any drilling into the

personnel are responsible for controlling and impervious core of an embankment dam should be

monitoring drill media pressure, drill media performed by experienced drill crews that employ methods

circulation loss, and penetration rate to assure that thend procedures that minimize the potential for hydraulic

drilling operation minimizes the potential for fracturing. Therefore, it is essaitthat dillers be well

hydraulic fracturing. trained and aware of the causes of and the problems

If a sudden loss of drill fluid occurs during any resulting from hydraulic fracturing.

embankment drilling in the impervious core, drilling

should be stopped immediately. The reason for theBecause hydraulic fracturing can be induced when in-place

loss should be determined; and if hydraulic fracturing horizontal stress and tensile strength in the embankment

may have been the reason for the fluid loss, thematerial are less than fluid or gas pressure, general practice

Principal Designer and Principal Geologist should beis to limit downhole pressures of circulation media to 1 to

notified. Action should be taken to stop the loss of 2 kPa/m [% to 1 (Ibf/if)/ft] of depth of drill hole drilling

drill fluid. operations. Advance rates should be slow to ensure that

blocking of the bit or barrel does not occur. Drill rod and

c. Acceptable Drilling Methods.—Based on the hole diameter should be selected to ensure appropriate

evaluation of the various drilling methods, with the annulus for efficient cuttings removal. Circulation pressures

exception of augering, any drilling methods have theshould be monitored continuously during the drilling

potential to hydraulically fracture an embankment if careprocess.

and attention to detail are not taken.

Rotary percussion and reverse-circulation drills can induce
Augering is the preferred method of drilling in the core of fracture by air pressure. General precautions to reduce
embankment dams. Augering does not pressurize théracture potential include reducing air pressures and
embankment, and no potential for hydrofracturing exists. maintaining lead distance of casing shoe well in advance of
Use of a hollow-stem auger permits sampling of thethe downhole hammer or inner casing. Rotary percussion
embankment and the foundation through the hollow stemand reverse-circulation drilling can normally circulate
with the auger acting as casing. cuttings efficiently with air pressures of 100 to 200 kPa (15

to 30 Ibf/irf).
With proper planning, the following drilling methods may
be approved for drilling in embankment dams if augering isIn cases where steep abutment contacts are encountered, the

not practical: static weight of fluid column alone may be sufficient to
induce hydraulic fracture without any excess hydrostatic
e cable tool pressure. In these cases, the only successful method for
e mud rotary (bentonite/biodegradable) advancing a drill hole without fracturing is to incrementally
e drilling with water drive casing and perform cleanout inside the casing, while

leaving a sufficient plug of soil in the casing to prevent
exposure of drill media with the consequent transmission of
excess pressure to the embankment.

C. Sampling and Testing Methods

2-13. General.—Sampling serves many purposes moisture content, for performing laboratory tests on earth
when investigating foundations and evaluating constructionand rock materials, for testing potiah concrete sand and
materials for water resources structures. Samples araggregate deposits, for designing concrete mixes, and for
required to accuately identify and classify soil or rock. testing potential riprap sources. Data obtained from
Samples are essential for obtaining in-place density andiaboratory testing of samples are used to finalize the design
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of foundations and embankments and to select construction e Either individual or composite samples can be
materials for use in earth and concrete dams and in other obtained by cutting a sampling trenching down the
structures. vertical face of a test pit, trench, or cut bank with a
sampling cut of uniform cross section and depth.
The importance of obtaining representative samples cannot e The soil can be collected on a quartering cloth spread

be overemphasized. Samples that are not truly below the sampling trench.

representative of in-place subsurface conditions can resultin e The minimum cross section of the sampling trench
erroneous conclusions that affect the design of the structure. should be at least four times the dimension of the
Sample recovery requires considerable care to avoid altering largest gravel size included in the soil.

in-place conditions of natural deposits. Obtaining
representative samples from accessible trenches, test pits, br obtaining individual samples, it is important that an
tunnels is relatively easy because in-place material can badequate sample of representative material be obtained only
visually inspected to determine the best method of samplingrom the stratum of interest and that extraneous material is
by hand. However, in boreholes, visually inspecting in-not included. For composite samples, a vertical sampling
place material is not possible; consequently, the recovery ofrench is cut through all strata of interest.
representative samples is more difficult.

If the material sampled is a gravelly soil that contains large
Samples are broadly classified as either disturbed opercentages (about 25 percent or more of total material) of
undisturbed. Disturbed samples do not reflect the in-placeparticles 75 mm (3 in) in diameter or larger, it is usually
condition of the soil or rock. Obtaining undisturbed appropriate to take representative parts of the eteav
samples requires significant experience and meticulous carmaterial (such as every 5th or 10th bucketful) rather than to
to maintain in-place material conditions. Even using thetrim the sample from the in-place sidewall of the excavation.
most careful procedures, undisturbed soil or rock samplesn critical investigations, such as for processed aggregates
are changed from their in-place condition because removing@r cohesionless soils, screening all oversize may be
them from parent material changes stresses which confineecessary to determine volume of oversize cobbles and
the sample. boulders-while maintaining a constant width of cut.

Both hand and mechanical sampling methods commonhSize requirements for disturbed samples for various testing
used to recover disturbed and undisturbed subsurfacpurposes are given in USBR 5205 for soils and in

samples are described in the following paragraphs. USBR 4075 [37] for concrete. The quantity of the field
sample depends on the testing that is to be performed and
2-14. Hand Sampling Methods for Obtaining the maximum particle size present in the material. When

Disturbed Samples .—Disturbed Samplehand-sampling samples are larger than required for testing, they may be
methods) are normally used to obtain samples fromreduced by quartering as described in USBR 5205 or
accessible excavations, from existing stockpiles andUSBR 4075. This is done by piling the total sample in the

windrows, or from shallow hand-auger borings. shape of a cone on a canvas or plastic tarpaulin. Each
shovelful should be placed on the center of the cone and
a. Accessible Test Pits, Trenches, and Large- allowed to distribute equally in all directions. Then, the

Diameter Borings.—Using methods described in material in the cone is spread out in a circular pattern by
USBR 7000, obtaining disturbed samples from accessiblevalking around the pile and gradually widening the circle
test pits or trenches (including road cut and river bankwith a shovel until a uniform thickness of material has been
deposits) can be accomplished in the following manner: spread across the tarpaulin. The spread sample is then
quartered. Two opposite quarters are discarded, and the
e An area of sidewall of the test pit, trench, large- material in the remaining two quarters is mixed again by
diameter boring, or open cut should be trimmed to shoveling the material into another conical pile, taking
remove all weathered or mixed material. alternate kovelfuls from each of the two quarters. The
e The exposed strata should be examined for changeprocess of piling, spreading, and discarding two quarters is
in gradation, natural water content, plasticity, continued until the sample is reduced to the desired size.
uniformity, etc., and a representative area should be
selected for sampling. b. Stockpiles and Windrows.—When sampling
e Sketches and photographs showing changes in stratastockpiles or windrows, care must be taken to ensure that
geologic descriptions, and sampling locations shouldsamples are not selected from segregated areas. Procedures
be recorded. for sampling stockpiles are given in USBR 4075. The
amount of segregation in materials depends on gradation of
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the material and on methods and equipment used foup the spiral flight of the auger to the collar of the hole, and
stockpiling. Even with good control, the outer surface andsoil from selected intervals, or material change, is collected.
fringes of a stockpile are likely to be somewhat segregatedSoil cuttings are most efficiently transported up flights when
particularly if side slopes are steep and the material containexplorations are performed in partially saturated strata.
a significant amount of gravel or coarse sand. When an interval has been reached, auger rotation can be
Representative samples can be obtained from stockpiles bgontinued without depth advancement until most of the soil
combining and mixing small samples taken from severalis brought to the suate. However, soil cuttings moving
small test pits or auger holes distributed over the entire pileupward along the flight can loosen and mix with previously
A windrow of soil is best sampled by taking all the material drilled material. If contamination or mixing with other soil
from a narrow cut transverse to the longitudinal axis of thematerial is undesirable, a hollow-stem auger with an internal
windrow. Samples from either stockpiles or windrows sampling system should be used.
should be fairly large originally, and they should be
thoroughly mixed before quartering down to the size desiredDisk augers are commonly used to recover disturbed
for testing. samples of soil and moderately coarse-grained material.
After each penetration, the disk is removed from the hole
¢. Hand Auger Borings.—Small auger holes cannot be with the disturbed sample cuttings retained on the top of the
logged and sampled as accurately as an open trench or a tesk. Then, the sample collection is made at the hole collar
pit because they are inaccessible for visual inspection of théllowed by repeated drilling intervals.
total profile and for selecting representative strata.
Procedures for augering and sampling are discussed iBucket augers are suitable for recovering disturbed samples
USBR 7010. Small hand augers [100-mm (4-in) diameterof coarse-grained soils, sands, and gravel deposits. During
or smaller] can be used to collect samples adequate for sodlach drilling interval, sample cuttings enter the cylindrically
classification and, possibly, for physical properties testingshaped bucket through the bottom cutter block. Removal
(fig. 2-36). As the auger hole is advanced, soil from theand collection of samples are accomplished by hoisting the
hole should be deposited in individual stockpiles to form anbucket from the hole and releasing the hinged bottom plate
orderly depth sequence of removed material. Whenor side of the bucket. Samples of gravels and sands
preparing an individual sample from an auger hole, obtained below the water table are normally unreliable
consecutive piles of the same type of soil should bebecause of loss of soil fines through the bucket openings.
combined to form a representative sample. All or equal
parts from each of the appropriate stockpiles should be b. Reverse-Circulation Drills.—Reverse-circulation
mixed to form the sample of desired size for each stratundrills work well for recovering sand, gravel, and cobble-size

(fig. 2-36). disturbed samples. However, this sampling method is
relatively expensive and is not used for borrow area
2-15. Mechanical Sampling Methods for investigations. These drills use authle-walled drill stem

Obtaining Disturbed Samples .—Disturbed Samples and compressed air to circulate drill cuttings for collection

(mechanical sampling methods) using mechanical methodsat the hole collar. Compressed air is pumped down the

are often obtained from drilled holes; however, samples als@annulus between the inner and outer walls of the double-

are obtained using construction excavation equipmentvalled drill rod, and cuttings are forced upward through the

(backhoes, draglines, trenchers, dozers) when they areenter rod as drilling progresses. Drill cuttings are collected

required primarily for identification or for making volume at the discharge spout of a special funnel-shaped cyclone

computations of usable material. Samples obtained wittassembly designed to dissipate the energy of the compressed

construction equipment are generally unsuitable for use irair and deposit cuttings in the order drilled.

laboratory testing because of severe mixing of material that

occurs during the excavation process. Heavy excavatiomhis method of disturbed sampling is considered most

equipment is best used to excavate an accessible test pit oeliable to produce a noncamirated sample because the

trench so individual material stratum can be sampled bydrill stem seals previously drilled material zones.

hand methods to avoid contamination from adjacentNormally, coarse gravels and cobbles are broken by impact

materials. of the double wall casing shoe, but this is easily identified
by fresh fracture surfaces. Gradation tests are unreliable if

a. Power Auger Drills.—One of the most common coarse particle fracturing occurs.

methods of obtaining disturbed subsurface samples is by

using power auger drills. Continuous-flight auger drilling c. Protecting and Preparing Disturbed Samples for

can be used to obtain disturbed samples of borrow are&hipping.—Disturbed samples of 35 kg (75 lbm) or more

materials. As the drill hole is advanced, soil cuttings travelshould be placed in bags or other suitable containers that
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SAMPLE No |
FROM HERE
(Similar soil}

} SAMPLE No 2
: FROM HERE
(Similar soil)

Piles ore separated when
significantly different maoterials
are encountered.

Figure 2-36.—Auger sampling.

prevent loss of moisture or fine fraction from the soil. 2-16. Hand Sampling Methods for Obtaining

Asphalt coated burlap sacks with an inner plastic liner areUndisturbed Samples .—

commonly used for protecting and shipping disturbed soil

samples. Samples of silty or clayey borrow soils can be a. Undisturbed Hand-Sampling Methods.—
allowed some moisture loss as long as studies show ntndisturbed samples in the form of cubes, cylinders, or
irreversible processes occur from air drying. These soildrregularly shaped masses can be obtained from strata
will be dried in the laboratory for development of exposed in the sides or bottoms of open excavations, test
compaction curves. The coated burlap sack with plastigits, trenches, and large-diameter auger holes. Such
liner has proved satisfactory for most borrow studies of siltysamples are useful for determining in-place density and
and clayey soils. moisture content and for other laboratory tests.

When proposed for use as borrow material, samples of silHand cut cylinder samples and block samples provide the
and clay for laboratory testing should be pcteel against  highest quality undisturbed samples for laboratory testing
drying by placement in waterproof bags or other suitableand are often preferred in critical studies of weak zones
containers. Sand and gravel samples should be shipped imhen access is available. Generally, sampling is only
closely woven bags and should be air dried before they arpossible in unsaturated zones because dewatering can cause
placed in the bags. When sack samples are shipped kincreases in effective stress and possible consolidation of
public carrier, they should be double sacked.
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sensitive material. Sampling by hand-carved cylinderlf soils are very fine-grained and wet, cylinders can possibly
sample is depicted on figure 2-37. An elevated bench ide pushed the complete depth without trimming in advance
constructed in a test pit or accessible shaft. A cylinder,of the cutting edge. Several devices such as the U.S. Army
sharpened on one end, is placed on a levehesaréind is  Corps of Engineers drive cylinder or the "Elly Volumeter"”
pressed into the soil as the sample is trimmed with a knifehave been developed. Samples can be extruded from
to a diameter slightly larger than the cutting edge. Thecylinders into laboratory test chambers. Reclamation has
incremental process of trimming and pressing is continuedobtained large-diameter cylinders [200 to 300 mm (8 to 12
until the cylinder is overfilled with soil. The sample bottom in)] for testing by pushing into compacted fills. Cylinders
can be severed from parent material by spade or shovel andere pushed with drawbars of bulldozers or buckets of front
ends trimmed flush the end of the cylinder. This method isend loaders. This sampling method may be particularly
effective for soils genatly wet of laboratory ofimum effective for compacted clay liners placed wet of optimum
water content and which contain maximum particle sizes lessvater content.

than coarse sand.
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Level greo ond drive cylindrical sompler
slightly into soil, Carefully excavate
trench around cylinder and trim to
cutting bit with knife,

(8)

Continue to drive sampler tube
and excovote as shown. Core
must be exercised to prevent
breaking the corg by tilting
the sampler tube,

Wood disc
préviously waxed
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Wax or other
sealing material
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. rictian tape or

hegyy cord

(G)
Garefuily cut somple from
parent materiai as shown.

{D)
Segl sample to prevent moisture Ioss. Pack
sample ond contoiner in moist exzelsior or
sawdust for shipment to the labaratory,

Figure 2-37.—Method for obtaining a hand-cut, undisturbed cylindrical sample.

145



EARTH MANUAL

Figures 2-38 and 2-39 show procedures commonly used tto the block to denote top, bottom, and orientation. Samples
hand-cut block samples. Cutting and trimming samples tanay vary in size, but most often are 150- to 300-mm (6- to
the desired size and shape requires extreme care particularly2-in) cubes. The same trimming and sealing procedures as
when working with easily disturbed soft brittle materials. described for block samples apply to cylindrical samples.
Appropriate cutting tools should be used to prevent
disturbance or cracking of the sample. Soft, plastic soils  2-17. Mechanical Sampling Methods for
require thin, sharp knives. Sometimes a thin piano wireObtaining Undisturbed Samples .—Soil samplers used
works well. by Reclamation are designed to obtain relatively undisturbed
samples of soils ranging from saturatedncohesive soils
A faster and more economical rhet for oltaining to shale or siltstone. Each soil type dictates use of different
undisturbed block samples is by use of a chain saw equippeypes of sampling equipment to effectively recover high-
with a specially fabricated carbide-tipped chain to cut blockquality samples. The following paragraphs describe the
samples of fine-grained material and soft rock (fig. 2-40)type of sampler best suited for good sample recovery from
(see USBR 7100). Usually, this method results in leastvarious soils.
disturbance to a sample because of the saw's rapid,
continuous cutting action. Diamond concrete saws can cut g, Saturated Cohesionless Soils.—Cohesionless soils
gravel particles in a soil matrix effectively, although such as poorly graded sands (SP, SP-SM) and silty sands
considerable precautions must be taken to preventSM) are difficult to sample below the water table. This is
disturbance. When using saws, the operators should takgue to lack of friction in the inner tube or barrel. Research
appropriate safety measures, including wearing chaps antlas shown that undesirable volume change can occur in
eye and ear protection. Block samples for laboratory testinglean sands during insertion of thiallvtubes or piston
are usually limited in size to 300- to 460-mm (12- to 18-in) samples [38]. This is because the high permeability of clean
cubes to facilitate handling. This size should allow for sands allows movement of porewater and volume change
sufficient shear, consolidation, and permeability specimensresults (i.e., drainage can occur). Sand may either dilate or
Block sampling is routinely performed as record testing of contract during the sampling process. For sands containing
compacted fill to determine density. Small block samples ofmore than 15 percent fines, undesirable volume change may
undisturbed soil can be cut from the larger block and coateghot occur if the structure is not sensitive because there is no
with wax and tested in accordance with USBR 5375. drainage due to decreased permeability. For clean sands,
the only successful method to preserve structure is to freeze
In dry climates, moist cloths should be used to inhibitthe soil before sampling. Freezing can be accomplished
drying of the sample. After the sample is cut and trimmedwithout disturbance in clean sand, but costs are so excessive
to the desired size and shape, it should be covered with thithat it is infrequently used. Efforts to characterize
plastic sheeting (such as Saran Wrap), wrapped with a layegngineering properties of cohesionless soils currently depend
of cheesecloth, and painted with melted, microctiyséa  on penetration resistance testing such as Standard
sealing wax. Rubbing the partially cooled wax surface withpPenetration Test or Cone Penetrometer Test.
the bare hands helps seal the pores in the wax. At least two
additional layers of cloth and wax should be applied. Efforts have been made to track volume change in sands
during fixed piston sampling. The technique requires use of
b. Protecting and Preparing Hand-Cut Undisturbed piston sampling with inner rods with accurate measurements
Samples for Shipping.—As illustrated in figure 2-39, a of stroke, recovery, and deflection on a reaction frame set
firmly constructed wod box with top and bottom panels up on a drilling rig. Measurements are made to 3 mm (0.01
removed should be placed over the sample before the basg on the drill rig frame. Using this procedure,
of the sample is severed from the parent material and liftedRkeclamation found that predicted volume changes were also
for removal. The annular space between the sample and theccurring in fine-grained soils. Accuracy and precision of
walls of the box should be packed with moist sawdust orsuch an approach has not been established, and Reclamation
similar packing material. The top cover of the box thenis not currently using this procedure.
should be placed over the packing material. After the
sample is cut from the parent material, the bottom side ofn situations where cohesionless soils must be recovered,
the sample should be covered with plastic sheeting and thpiston sampling or sampling barrels with baskets or retainers
same number of layers of cloth and wax as the othefcan be used. A fixed-piston sampler is designed to obtain
surfaces; and the bottom of the box should be placed ovea sample within a thin-wall cylindrical tube by pushing the
the packing material. Tags and markers should be attachewibe into the soil with an even and uninterrupted hydraulic
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1. Smooth ground surface and 1.
mark outline of sample,

2. Carefully excavate trench
around sample,

Carefully smooth face sur-
face and mark outline of
sample,

b L) rf- "

TRt i e o
bl S

3. Deepen excavation and trim 2. Carefully excavate around
sides of sample to desired
size with knife.

and in back of sample.
Shape sample roughly with
knife.

e, Pt e
L FEr i i
R A Y VN

4. Cut sample from parent 3. Cut sample and carefully

stratum, or encase sample
in box before cutting if sam-
ple is easily disturbed.

(A)

remove from hole, or en-
case sample in box before
cutting if sample is easily
disturbed.

(B)

Figure 2-38.—Initial steps to obtain a hand-cut, undisturbed block sample from (A) bottom of
test pit or level surface, and from (B) cutbank or side of test pit.

thrust. The sample is held within the tube during removalpushed into the soil. These samplers require a drill rig with
from the drill hole by a vacuum created by a locked piston,a hollow-spindle. The Osterberg sampler has a piston that
which is an integral part of the sampler (USBR 7105). is attached to the head of the sampler. Sample recovery is
accomplished by use of drill fluid pressure through the drill
Reclamation uses several types of fixed-piston samplers toods to push the thinwall sample tube into the soil. A fluid
recover samples of soft, saturated soils. With the Hvorslevbypass system fabricated into the sampler stops penetration
Butters, and other inner rod piston samplers, the piston i®f the sampler tube at 750 mm (30 in). Figure 2-41
held stationary by a piston-rod extension connected to thdllustrates the operating principle of the Osterberg sampler.
upper part of the drill rig mast while the sample tube isThe Osterberg sampler is preferred for sampling in soils
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Two odditionol 1gyers of cheese cloth and worm
rabbed wox ore required to seal the sample--

L~ "r.‘,l.' o
L
ALY e
b

“- One thickness of cheese cloth 15 placed against
501/, fotlowed by an applicotion of warm
wax, rubbed by hand.

HAND-CUT UNDISTURBED SAMPLES

,~—Fill space between sealed sample
4 and box with maist sowdust
pocked to support sample.n\

(B.} ENGASE EASILY DISTURBED SAMPLES IN BOX PRIOR TO CUTTING

Figure 2-39.—Final steps in obtaining a hand-cut, undisturbed block sample.

where inner rod deflection measurements are not requireevith smooth penetration rate. The cohesive nature of fines
since it is much faster to operate. The sample is recoveredormally causes sufficient friction between soil and tube to
from the borehole by removing all rods and the samplerretain the sample. Initial attempts to sample soft cohesive
from the hole. soils should be made with the thinwall push tube.

Thinwall push tube sampling is normally successful in Handheld penetrometer tests should be performed on soft
nonsensitive cohesive soils. The optimum clearance ratioslays at the bottom of the tube to assist with selection of
and drill mud consistencies described in USBR 7105 shouldaboratory test specimens. A guide for sampling methods
be used. Since cohesive soils are undrained during théor materials difficult to recover can be found in reference
penetration process, high-quality samples can be obtained39].
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Figure 2-40.—Chain saw equipped with carbide-tipped
blade being used to cut block sample.

Samples of soft cohesive soils should be shipped to thdhe sampler consists of a thinwall metal tube attached to a
laboratory and tested promptly. If stored for excessivesampler head containing a ball check valve. The principle
periods of time, changes in material structure can occuof operation is to push the sampler, without rotation, into
because of oxidation and microbial processes. In the pasthe soil at a controlled penetration rate and pressure. The
many materials have been used to coat steel tubes, such sample is held in the tube primarily by soil cohesion to the
lacquers and zinc magnesium oxides. If appreciable santhner tube walls and assisted by a partial vacuum created by
content exists in the soil, these coatings can be scrapeithe ball check valve in the sampler head.
away, and rust (iron oxides) forms on the thinwall tube.
Stainless steel tubes can be used, but they are more difficuReclamation commonly uses thinwall sampling equipment
to cut open. The ends of thinwall soil samples aredesigned to recover eithét5- or 125-mm- (3- or 5-in-)
inevitably exposed to air during trimming, and the oxidation diameter soil cores. Size requirements depend primarily
processes begins. Aging along with oxidation processes canpon intended use of the sample. For moisture density
cause detrimental changes in peak strength and sensitivity afeterminations, a 75-mm- (3-in-) diameter sample will
soft clays. suffice, but great care must be exercised, and proper
clearance ratios must be used to ensure that the sample does
b. Soft to Moderately Firm Cohesive Soils.—Soft to not densify during sampling. Appropriate tublearance
moderately firm cohesive soils in surficial deposits can beratios and drill mud consistencies for thinwall sampling are
sampled in a relatively undisturbed condition using fairly given in USBR 7105. Samples 125 mm in déen are
simple sampling methods. Sampling equipment for this typepreferred for laboratory testing because multiple specimens
of soil includes the thinwall push sampler and the hollow-can be trimmed from a single sample. Tidhxshear
stem auger sampler. The following paragraphs discuss eastquipment is available with end platens to accommodate
sampler and the necessary operational procedures to ensuegtrusion of 75-mm thinwall specimens directly from the
recovery of a high-quality representative soil sample. tube, especially for soils which are difficult to trim.

1.  Thinwall Push Samplers.—Thinwall push  The ends of the soil sample in thinwall tubes should be
samplers were developed primarily for obtaining trimmed to fresh soil. A moisture specimen should be taken
undisturbed soil core samples of soft to moderately firmfrom the bottom end of the tube. Average tube density can
cohesive soils and are described in detail in USBR 7105.be measured according to USBR 7105. Expandable O-ring
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Figure 2-41.—Thinwall fixed-piston sampler (Osterberg type).
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packers should be used to confine the soil. Special carare required. Inner barrels can be equipped with split liners
should be taken to remove slough and cuttings by trimmingor Plexiglas liners. Sample diameters of up to 100 mm (4
the top of the sample. in) are currently available in wire-line systems. Typical
sample lengths are 1.5 m (5 ft) but may be shortened if
2. Hollow-Stem Auger Samplers.—As describedin  sample disturbance is evident.
USBR 7105, three types of sampling operations are
available for recovering soft to moderately firm cohesive The third and most recently developed hollow-stem auger
soils with hollow-stem augers. In the first method, a sampling system (USBR 7105) involves using rods to lower,
conventional sampler is lowered inside the hollow stem. Inhold, and hoist a continuous sampler unit designed to
the second and third methods, known as "continuousecover samples during auger penetration. This system
sampler systems," a sampler barrel is specifically designegositively eliminates rotation of the sampler as the auger
to lock into the lead auger allowing sampling to progressrotates. It is considered the best mechanical sampling
with advancement of augers. The continuous samplers argystem available for recovery of undisturbed soil samples by
widely used in the drilling industry and are capable of hollow-stem auger.
sampling a wide variety of materials. Schematic drawing of
wire-line and rod type continuous sampling systems areThe stability of any sampling tool is critical to recovery of
shown on figure 2-42. representative undisturbed samples. With hollow-stem
augers, the inner barrel or sample tube that receives the soil
The first type of sampling operation is accomplished bycore must not rotate as soil enters the sampler. A sampler
drilling to the sampling depth with a hollow-stem auger with a head bearing assembly can rotate if cuttings are
equipped with a center pilot bit. The pilot bit is attached toallowed to accumulate in the annulus between the outer
drill rods positioned within the hollow-stem auger. At the rotating auger and the inner sample barrel. To eliminate
sampling depth, the drill rods and pilot bit are removed, andany chance of movement of the inner barrel, the continuous
a thinwall push sampler is lowered to the bottom of the hole sampler system is rigidly connected to rods that extend up
After the sample is recovered, the pilot bit is replaced, andhrough the hollow-stem auger to a yoke located above the
augering is continued to the next sampling depth. rotating auger drillhead. Then, the outer augelmved
to rotate for drilling penetration, but the sampler within the
A second type of hollow-stem auger sampling agien auger is held to prevent rotation as soil core enters the
involves a wire-line latch system that locks the pilot bit andsample tube. As with the wire-line systems, typical
soil sampler within the lead hollow-stem auger. After the sampling intervals are 1.5 m; but for large-diameter samples
auger has been advanced to the sampling depth, an oversHot laboratory testing, this interval should be shortened to
assembly is lowered by wire-line to unlock and latch ontoreduce friction buildup in liners and/or the tendency to use
the pilot bit for removal from the hole. Then, a thinwall larger clearance ratios and overcut the sample. Samplers up
sampler with a head bearing assembly is lowered by wireto 150 mm (6 in) in diameter are available with the drill rod
line and locked within the lead auger section. Sampling ishollow-stem auger system. The large diameter capability
accomplished by continuing auger rotation and penetrationand positive antirotation of the inner rod system make this
which allows the center core material to enter the thinwallthe preferred method when detailed engineering properties
sampler. The head bearing assembly on the sampler allowstudies are required.
the sample tube to remain stationary while the auger is
rotating. At the end of the sample run, the overshot isTo recover a sample with the continuous sampler system, alll
lowered by wire-line to release the sampler lock mechanismsampler connecting rods and the sampler are removed from
latch onto the sampler, and remove it with the soil samplethe auger to retrieve the soil core. This is followed by
from the hole. lowering the sampling unit to the hole bottom for
continuation of sampling operations.
The wire-line hollow-stem auger sampling system can be
used to successfully sample a wide variety of soils. SomeBoth continuous hollow-stem auger sampling systems have
difficulties may be experienced with latching systems in adjustments for lead distance of the soil cutting shoe and
soils below the water table which heave into the hollow different clearance ratios for the shoe. As with the Denison
stem. Wire-line line systems are economical due to rapidsoil core barrel, the lead distance and clearance ratios must
continuous sampling capability. They are used extensivelybe optimized for best sample recovery. In general, softer
for hazardous waste site characterization studies. Drill rodsoils require more lead distance of the cutting shoe below
systems discussed below are preferred for large-diameteauger flights. More cohesive soils require larger clearance
soil samples where detailed studies of engineering propertiegatios to avoid buildup of friction inside liners. Both the
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a

b

Figure 2-42.—Overshot wire-line a) and rod type b) continuous sampling system. (Mobile Drill Co.)
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wire-line and inner rod operated hollow-stem auger system®8ecause sprin@ction on the dting shoe automatically
will accept clear acrylic liners. Plastic liners should haveadjusts lead distance, the pitcher sampler is always preferred
walls thick enough to confine the core without deflecting for use in firm to stiff soils where layer stiffness will
[usually about 6 mm (1/4 in)]. Numerous measurements arehange or where softer zones will be encountered. If soft
taken with micrometers to ensure that linganteters  zones are encountered without spring loaded inner barrels,
required for accepting samples are maintained. The plastithe material will be washed out and contaminated with drill
liners can be cut flush with soil ends, and plastic caps offluid.
expandable O-ring packers can be used to seal specimen
ends to preserve in-place moisture content. Use of plastiélthough the Pitcher sampler is available in various sizes for
liners permits sample inspection and adjustments forobtaining cores from 75 to 150 mm (3 to 6 in) in diameter,
clearance ratio and shoe lead distance. Reclamation's laboratory requirements normally dictate 150

mm (6 in), a 150- by 200-mm Pitcher sampler. This
Manufacturer sudped shoes are designed for successful sampler was designed to use 150-mm thinwall tubes as the
recovery of a wide variety of soils but may not provide inner barrel. Normally, the soil core is contained within the
optimum sampling for advanced engineering propertiesthinwall tube, and a new tube is placed within the sampler
testing. For critical samples, shoes of varying lead distancéor each sampling run. However, Reclamation changed the
and clearanceatios can be readilynachined by local inner-barrel configuration to one that accomiies sheet
commercial machine shops. The most frequent problem isnetal liners for the soil core, rather than thinwall tubes.
the tendency to use too large a clearance ratio during\luminum irrigation pipe was found to have acceptably
sampling. This can result in a large air gap inside thesmall-diameter variation for high-quality sampling. The
sample liner and possible alteration of soil properties. Themodified inner barrel is threaded for attachment of a
goal is to provide a sample which fills the sample liner trimming shoe with a milled recess to contain the sheet
without objectionable friction that results in compression metal liner. Sheet metal liners are preferred for samples for
and densification of the soil. If an air gap exists, thelaboratory testing because they are easier to open for
clearance ratiot®uld be reduced. If excessivecfion examination, and core is more easily removed without
develops in the liners, either decrease sample length odamage.
increase clearance ratio.

2. Denison Sampler.—The Denison sampler, shown
c. Medium to Hard Soils and Shales.—Medium to in figure 2-44, was developed to obtain largerdeter

hard soils and shales located either above or below the watemdisturbed cores of cohesive soils and shales of medium to
table can usually be sampled in an undisturbed conditiorhard consistency. Disadvantages of the Denison sampling
using double-tube coring barrels. The three types of cordoarrel are having to manually adjust the position relationship
barrels commonly used are the Pitcher sampler, Denisotetween the outer barrel cutting bit and the inner barrel
core barrel, and DCDMA series 100- by 140-mm and 150-trimming shoe according to the consistency of the soil to be
by 200-mm core barrels (4- x 5-1/2- and 6- x 7-3/4-in). sampled. The required setting must be determined by the
The DCDMA series barrels can also be converted tooperator before each sampling run. The setting is achieved
perform diamond coring for rock sampling. The following by interchanging varied lengths of outer barrel cutting bits
paragraphs discuss each sampler and the necessaty conform with the type and consistency of soil being
procedures to ensure recovery of high-quality representativeampled. The proper cutting bit for various soil
soil samples. consistencies is selected as described below and as

illustrated in figure 2-45.

1. Pitcher Sampler.—The Pitcher sampler was

developed primarily for obtaining undisturbed soil core ¢ Soft soil samples can be obtained with a short cutting
samples from medium to hard soils and shales. Figure 2-43 bit attached to the outer barrel so the inner barrel
illustrates the action of this sampler. The Pitcher sampler trimming shoe protrudes about 75 mm (3 in) beyond
has a unique feature in that it has a spring-loaded inner the bit. The shoe acts as a stationary push sampler,
barrel which lets the sample trimming shoe protrude or trims and slides over the sample, and protects the
retract with changes in soil firmness. In extremely firm core from drill-fluid erosion or contamination.

soils, the spring compresses until the cutting edge of the
inner barrel shoe is flush with the crest of the outer barrel ¢ Firm soil samples can be obtained byaehing a

cutting teeth. In soft soils, the spring extends and the inner cutting bit having a length that will position the
barrel shoe protrudes below the outer barrel bit and prevents crown of the bit teeth approximately flush with the
damage to the sample by drilling fluid and drilling action. inner-barrel shoe trimming edge. With this setting,
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Figure 2-45.—Relationship of inner-barrel protrusion using different-length, Denison-sampler
cutting bits for drilling.

the bit teeth cut the core simultaneously with the ¢ A clay bit, with face extension, to trim and advance

trimming of the core by the shoe. The shoe provides over softer clay soils and to protect the core from

some protection to the sample from the drill fluid drill-fluid erosion.

because most of the fluid circulates betwéeeth e A spring-loaded inner barrel to protrude in front of

openings rather than through the crown area. the core barrel for soft soils and to retract into the
e Hard soil samples are obtained by attaching a cutting core barrel for harder soils.

bit having a length that will position the teeth about e A split inner barrel for coring shales, soft rock,

25 to 50 mm (1 to 2 in) below the trimming shoe. fragmented rock, and lensed rock.

This setting is intended only for nonerodible soils ¢ A single-tube inner barrel for coring homogeneous

because the entire circumference of the sample is hard rock.

subjected to drill fluid circulation before it is

contained within the trimming shoe. Reclamation has used successfully both the 120- by 140-mm

core barrel and 150- by 200-mm barrel céte by 5-1/2-
3. Large-Diameter  Hi-Recovery Core and 6- by 7-3/4-in), depending upon core size requirements.

Barrels.—Increased demand for large-diameter soil samplesA metal liner should be inserted inside the inner barrel to
for laboratory testing became obvious to maatdrers of  contain and seal the core sample for shipment to the
conventional rock coring equipment in the late 1960s. Tolaboratory.
provide alternatives to soil-sampling core barrels
(e.g., Denison and Pitcher core barrels), the DCDMA d. Unsaturated Water Sensitive Soils.—Dry drilling
developed standards for a large-diameter core barrel withechniques are preferred for sampling water sensitive
versatility to sample both soil and rock. These core barrelsinsaturated soils. Water sensitive soils include windblown
use a variety of interchangeable parts to convert the basimess deposits and slopewash that can collapse when exposed
rock core barrel to core medium to hard soils and shalesto water. These soils are characterized by low density in-
fragmented rock, rock with soil lenses, and homogeneougplace conditions. Continuous hollow-stem auger samplers
rock. Some of the interchangeable parts and their functionsire preferred for sampling these deposits because exposure
are: to drilling fluids is not permitted. If surface exposures are
accessible, block samples provide the highest quality
sample. Sampling studies in loess have shown that thinwall
tubes and Pitcher sampling result in unacceptable sampling
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disturbance [40]. Thinwall samplers compacted leess T series barrels have thinner tube walls, which result in
when dry methods were used to advance the boreholdarger core. Th& andT series are available in single tube
Pitcher sampling allowed for some exposure to fluid if not or double-tube configurations. In thé series barrel, the
properly operated. inner tube is threaded to receive the lifter with resulting less
exposure of core to drill fluid. The large-diameter core
2-18. Casing Advancer .—Manufacturers have barrels have better control of drill fluid circulation and core
adapted wire-line drilling principles to accommodate a wide protection. Thévl andLarge Diameter series barrels have
variety of sampling methods. The wire-line casing advancerdouble-tube design. As one progresses thrdaigh, M,
can be used to advance standdvd, HW, andHW, casing  andLarge Diameter, the ability to retrieve difficult cores
through difficult deposits such as coarse alluvium or highly increases. Double-tube core barrels can be either rigid or
fractured materials while still protecting the drillhole. swivel design. Reclamation uses eithdr or Large
Casing advancers have a center pilot bit which is normallyDiameter double-tube core barrels for the majority of rock
configured as a tricone rockbit. In one case, where it wagoring operations with conventional barrels. Figure 2-46
necessary to drill through severéel settlement plates, a shows a schematic view of typiddl andLarge Diameter
pilot bit made with diamonds was used. Casing bits aredouble-tube swivel core barrels with a split liner
normally diamonds, but carbide insert drag bits have beemecommended for most investigations. When DCDMA,
used in soils. After the casing is advanced to depth forstandard drawings are compared to drill manufacturers

testing or sampling, the center pilot bit can be removed byiiterature, it is difficult to distinguish which DCDMA core
wireline, and a flush casing is left. The casing advancer habarrel series is available. Most mdacturers offer

proved effective for the following operations: conventional barrels equivalent to thleseries.

» Conventional or wire-line coring through casing Normally, R, E, A, andB hole size cores normally apply

» Casing through landslide or alluvial materials only to instrumentation or stabilization applications such as

* Conventional or wire-line thinwall tube sampling overcoring studies or rock bolt installations.  For
through casing investigation purposes, Reclamation specifies a minimum

e Penetration resistance testing and sampling ahead qigle size ofN for conventional core barrels.
casing

* Tie back anchor installation through casing The single-tube core barrel is a basic design and consists of

e Installation of well screen, perforated drain, or g core barrel head, a core barrel, and an attached coring bit
piezometers through casing that cuts an annular groove to permit passage of drilling

fluid pumped through the drill rod. This design exposes the
The casing advancer has been used to successfully perforgbre to drilling fluid over its entire length and can result in
penetration resistance tests in loose sands below the watggrious core erosion of unconsolidated or weakly cemented
table. Drilling was performed with carbide casing bit and materials. The single-tube core barrel is no longer used
no pilot bit. The primary reason for success was that a fluicexcept in unique situations, such as in concrete sampling or
column was maintained in the casing that prevented heavinghen using "packsack-type" drills. Single-tube core barrels
sands from entering, and careful attention was paid tqr masonry core barrels are frequently used for coring soil
circulation to avoid hydraulic fracturing. cement dam facings for construction control. Single-tube

core barrels are not recommended for coring operations in
2-19. Rock Sampling Methods .—Core barrels are  concrete dams [41].

available to obtain cores from 20 to 150 mm (3/4 to 6 in) in

diameter. There are two principal types of core barrels:The rigid-type, double-tube core barrel provides an inner
(1) single tube and (2) double tube. The DCDMA hasbarrel which rotates with the outer barrel buttpets the
standardized dimensions for four series of conventional rockeore from drilling fluid. The rigid-type, double-tube core
core barrels. The series are denotetvés, WT, WM, barrel has been used successfully in soft to medium-hard
and Large Diameter [32]. TheW series barrels can be formations and in hard, broken formations. A problem
obtained for nominal hole sizeR through H. The arises in core abrasion caused by the rotating inner tube, and
differences between these designs are primaelgted to  soft, easily disturbed material cannot be cored well with the
methods of fluid circulation and optimizing core diameters. barrel. The rigid design is not recommended for coring
For example, th&s series of tubes is the most basic in when laboratory tests are required or where good recovery
design and allow for more core exposure to drill fluid. Theis required.
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Figure 2-46.—Double-tube swivel-type core barrels. (Bureau of Mines [39])

The swivel-type, double-tube core barrel sampler consists oA few of the double-tube core barrels have been modified to
an outer rotating barrel and an inner stationary barrel thadllow a split liner to be inserted inside a solid inner tube to
protects the core from drilling fluid and reduces torsionalaccept the core sample. Barrels modified in this fashion are
forces transmitted to the core. The swivel-type, double-tubsometimes referred to as "triple-tube” core barrels. Atriple-
barrel is used to sample most rock; it may be used to obtaitube configuration is desirable in formations that may be
cores in hard, brittle, or poorly cemented materials such agetrimentally affected by drill fluid which could penetrate a
shale and siltstone or cores of soft partially consolidated osingle-split inner tube.
weakly cemented soils.
ThelLarge Diameter core barrels can be adapted for a wide
Most double-tube core barrel inner tubes may be replacedariety of sampling purposes. Three sizes commonly
with a split inner tube. Use of a split inner tube is requiredavailable are described by core and barrel outer diameter (in
in Reclamation investigations unless special conditions exishches) as follows: 2.75 by 3.87, 4 by 5.5, and 6 by 7.75.
which warrant deviation from this requirement. AdvantagesThe large-diameter series is available also with split inner
to split inner tubes are: tube or triple-tube configuration. The larger barrels can
even be adapted for sampling soils by converting bits and
e The undisturbed core allows detailed visual analysisliners into configurations similar to Denison or Pitcher
e The core is easily transferred into the core boxsamplers. These core samplers also have been designed with
without sample disturbance. a spring-loaded retractable inner barrel, which enables the
e The core can be easily wrapped in plastic to preserveame type of core barrel to be used for coring either soil or
moisture content before it is placed in the box. rock. The retractable inner barrel and soil-coring bits are
e Expansive or sticky formations can be easily replaced with a standard inner barrel arahrebnd bits for
removed. rock coring. They can be equipped with split liners. These
barrels are highly recommended in deposits which are
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difficult to sample. Samples of soils have been successfullynaterial drilled, the percentage of core recovered, behavior
obtained with this type of barrel. In cases where soilduring drilling, and experience of the drill crew. Since rock
samples are retrieved, soil core should be waxed to presenthat cores well in ahX size hole may break up badly in an
in-place moisture content. EX size hole, it is important to use the largest practical
diameter hole and core barrel. Recovery of core is more
A wide variety of wire-line core barrel systems are availableimportant than making rapid progress when drilling a hole.
for rock coring. By design, the wire-line core barrel is Portions of core that are lost probably represent shattered or
essentially a swivel type double-tube or triple-tube systemsoft, incompetent rock, whereas recovered portions represent
Most coring operations now use a split inner liner inside ofthe best rock from which an overly optimistic evaluation of
a solid inner tube. The triple-tube system is highlythe foundation likely will be made. Nevertheless, a
recommended over a single-split inner tube system t@easonably high percentage of core recovery provides a more
prevent core loss if the single-split tube springs open. Someontinuous section of the maitds passed through. Cores
of the triple-tube systems with split inner liners are equippedrovide information on the character and composition of
with hydraulic core extraction pistons to remove the splitdifferent materials, with data on spacing and tightness of
liner from the solid inner tube. Th&Q, BQ, NQ, HQ, joints, seams, fissures, and other structural details. When
and PQ wire-line core barrels are available in core drilling in soft materials, drill fluid circulation must be
diameters of about 27, 33, 44, 60, and 83 mm (1.1, 1.3educed or stopped entirely, and the core recovered "dry,"
1.75, 2.4, and 3.25 in). The actual core sizes vary slightven though significant delay in operations may occur.
among manufacturers. NQ size is considered a
minimum—primarily, because rapid water testing is Many of the principles of conventional coring can apply to
routinely performed on many investigations using wire-linewire-line coring. The core barrel is fitted with a coring bit
downhole packers. The wire-line packer system is showmand is lowered into the hole with the hollow drill rod.
on figure 2-47. Water tests are performed using this syster@irculation of driling fluid should begin before the core
according to USBR 7310. If the objective of the programbarrel reaches the bottom of the hole to lift cuttings or
is good core for testing, Reclamation normally ud€ssize  sludge and prevent them from entering the core barrel at the
wire-line equipment, and water testing can be performed ostart of coring. The optimal rotational speed of drilling
these holes alsoPQ size equipment is useful for obtaining varies with type of bit used, diameter of core barrel, and
better recovery in softer matrices such as soil-cementkind of material to be cored. Excessive rotational speed
bentonite cutoff wall backfill materials. Materials with results in chattering and rapid bit wear and will break the
compressive strengths as low as 1400 Kpa (2007)diave  core. Low rotational speed results in less wear and tear on
be successfully recovered witlPQ size equipment. the bit and better cores, but lower rates of progress. It is
Compressive strengths lower than this present significangritical to minimize vibration from uneven rods or poor
problems with good core recovery, and other testingdrive head assembly. Vibration of the drill stem will cause
methods such as in-place tests must be considered tabrating and chattering, resulting in bit blockage, broken
characterize these materials. core, and poor core recovery. If rotation rates must be
decreased because of vibration, the mass or pressure on the
Many guides are available for selecting conventional andit must also be decreased, or polishing and dulling of the
wire-line core barrel bits including from the manufacturersdiamonds will occur.
themselves. Key parameters in bit selection include the
abrasiveness of the cuttings and the matrix of the materiaRotational speed must also be adjusted for core barrel
For softer materials, diamond bits can be replaced witiliameter.  Drillers must evaluatell factors when
hardened metal, polycrystalline, or carbide drill bits, andconsidering coring rates and pressures. Bit wear can provide
shorter core runs [1.5 m (5 ft) or one-half that in length] aremany clues when selecting proper rotational rates once the
used to minimize disturbance. Metal bits are an attractiv@ppropriate bit is specified for the material. If wire-line
alternative for sampling softer materials, but diamonds areoring is performed, bit inspection will cause trip time delay.
a must for coring harder rock. Another important
parameter is the location of fluid discharge. Core barrel bitg'he rate at which the coring bit advances depends on
can either be internal or face discharge with face dischargérmness of material, amount of pressure applied on the bit,
recommended for easily erodible matrix.  Excellentand rotational speed. Pressure must be carefully adjusted by
references for bit selection are available [32, 39, 42]. the driller; excessive pressure causes the bit to plug and may
shear the core from its base. Bit pressure is controlled by
Accuracy and dependability of data from rock core drilling
depend largely on the size of core in relation to the kind of
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a hydraulic or screw feed on the drilling machine. Themethods may be employed during any stage of an
weight of the column of drill rod is seldom in excess of the investigation and include:
optimum bit pressure for coring medium and hard rock;

frequently, additional downward pressure is applied. If e seismic,
coring is performed in abrasive, friable, or fractured rock, e electrical,

the rotational speed and downfeed pressure must be e magnetic, and
reduced. If the coring bit penetrates these materials too fast, e gravity.

pieces of uncut rock result and cause core blockage and
poor recovery. After the core run is completed, the drill Geophysical methods can be a useful and economic addition
rods are pulled up without rotation which causes the corevhen used in conjunction with a test-boring investigation
lifter to slide down a beveled shoe and increasingly grip theprogram. In contrast to borings, geophysical surveys are
rock until breakage occurs. Generally, breakage can besed to explore large areas rapidly and economically. They
heard as a snapping sound, and it will always occur belowndicate average conditions along an alignment or in an area,
the lifter. rather than along the restricted vertical line at a single
location as in a boring. Geophysical data can be used to
If the drill hole in rock is clean, and seams and fissures ardaelp determine the best location of future drill holes as well
not sealed off by drill action, percolation tests can beas provide information to extrapolate foundation conditions
performed to test the permeability of various strata. Gravitybetween existing drill holes. These data are useful for
or pressure tests are made as described in USBR 731@etecting irregularities in bedrock surface and at interfaces
Large drilling fluid losses or water inflows into drill holes between strata. The cost of performing geophysical surveys
during drilling indicate either the presence of large openingsis often less than the cost of drilling; therefore, judicious use
in the rock or the existence of underground flow. of both geophysicaiethods and drilling can produce the
Completed holes should be protected with lockable caps taesired information at an overall lesser cost. Although
preserve them for use in ground-water level observations, ageophysical field work is relatively inexpensive,
grout holes, or for reentry, if later it is necessary to deeperinterpretation of results is difficult and specialized. For test
the hole. Usually, casing is required for those sections ofesults to be usable and reliable, correlations must
hole in loose material or unconsolidated subsurface soils. necessarily be made locally with exploration data from
borings.
As rock cores are removed from core barrels, they are
placed in core boxes and logged. liiwes for logging,  Geophysical methods are best suited to prospecting sites for
core box construction, and core box arrangements are givedams, reservoirs, tunnels, highways, canals, and other
in theEngineering Geology Field Manuf0]. Core canbe  structures. Also, they have been used to locate gravel
placed by hand into core boxes, and use of cardboard adeposits and sources of other construction materials whose
plastic half-rounds is encouraged. Long pieces of core mayroperties differ significantly from adjacent soils.
be broken to fit into the core box but should be marked aownhole, uphole, and cross-hole seismic surveys are used
a mechanical break. If the core contains weak materials oextensively to determine dynamic properties of soil and rock
materials for laboratory testing, the core should beat small strains.
completely wrapped in layers of plastic wrap, aluminum
foil, and wax. Wrapping can be performed on core in theAll geophysical techniques are based on detection of
half-round as shown on figure 2-48, except that thedifferences between properties of geologiaterials. If
complete core is wrapped. such differences do not exist, geophysical methods will not
be useful. These differences range from acoustic velocities
Figure 2-49 shows a standard core box and illustrates théo contrasts in electric properties of materials. Seismic
method of placing cores in the box to ensure propermethods, both reflection and refraction, depend on the

identification of each core sample. difference in compressional or shear-wave velocities through
different materials. Electrical methods depend on contrasts
2-20. Geophysical Exploration in electrical resistivities. Differences in density of different

Methods .—Geophysical métods of subsurface exploration materials permit gravity surveys to be used in certain types
are an indirect means of gathering data pertaining toof investigations, and contrasts in magnetic susceptibility of
underground conditions. Using geophysical techniquesmaterials allow magnetic surveying to be used. Differences
involves taking measurements at the earth's surface or ifn magnitude of naturally existing electric current within the
boreholes to determine subsurface conditions. Geophysicatarth can be detected by self-potential surveys.
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1. Remove upper split liner to expose fractured rock or
shear zone.

2. Place ‘“‘Saran” wrap over shear zone; then place half-
round over top of core and wrap.

3. Take to core box, rotate liner, half-round and core 180°
and place in core box; then wrap **Saran” wrap over top of
core. An additional half-round may then be placed over the
zone to protect it, or to write on. Shear zone may be hifted
out of box as a unit if waxing of sample is desired.

Figure 2-48.—Use of a cardboard PVC half-round and
plastic wrap to prevent disturbance and drying out of
shear zone, special samples, or fracture zones.

Based upon detection and measurement of these differenceand drill holes-and usually not as muetand they should
geophysical surveys can often be designed to gather usefumot be used without specific and constant correlation with
data to assist engineers and geologists in performing a morgeologic information. A preliminary geologic investigation
complete geotechnical investigation for civil engineering is essential before geophysical methods can be applied, since
structures. Geophysical methods ddote only another  they require knowledge of certain general conditions of local
exploratory tool to geological investigations, and they mustgeology. The most favorable condition occurs when high
never be regarded as anything more than tools. Theseontrasts between geophysical properties exist, such as when
methods will not disclose more than a good set of boreholes
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Figure 2-49.—Arrangement of cores in a core box to ensure proper
identification of samples.

rock underlies a shallow surficial deposit and the physicalThe use of geophysics has increased when characterizing

characteristics of the two are markedly different. Each typehazardous waste sites. Large areas can be tested to reduce

of geophysical survey has its capabilities and its limitations.the number of conventional borings and monitoring wells.
Six methods are commonly used for ground-water

Geophysical methods are now frequently used forcontamination studies:

preliminary investigations at potential damsites and at

proposed locations of other types of water resources e resistivity,

structures. The most extensive use of geophysical methods e electromagnetic,

in the practice of civil engineering has been in the United e refraction and reflection,

States where the larger federal engineering organizations e magnetic,

have used these methods regularly ineliprinary ¢ ground-penetrating radar,

exploration work. All the methods are subject to definite * borehole geophysics [43].

geological restrictions; rocks of essentially different physical

character must be in contact, and the strata encounterdth many cases, water of differing chemistry or the presence

must be fairly uniform with respect to their physical of buried objects, such as tanks or drums, makes

character. Low-density strata overlain by high density stratageophysical methods especially effective. For example,

cannot be detected by any of the surface geophysicagravity surveys, which are not especially useful in civil

methods, although they can betatded by some of the engineering applications, may be useful at a site that

borehole methods. Finally, all information obtained as acontains buried storage tanks of unknown location. Expert

result of geophysical investigations must be studied and usedystems have been developed to provide data on which

only when properly correlated by a specialist with the forms of geophysics may be effective at a contamination site

maximum information available regarding local geologic [44].

conditions. Despite these qualifications and necessary

restrictions, geophysical methods are a powerful and useful

tool.
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A list of geophysical methods commonly used follows. Correlations have been made between rock rippability and
These methods for performing geophysical testing areseismic wave veldty. Figure 2-50 shows an example of

discussed in more detail in tlngineering Geology Field
Manual [20].

Surface Geophysical and Other Techniques

ok wNE

8.
9.
10.
11.

Seismic Refraction
Seismic Reflection
Shear-Wave Surveys
Surface Wave Surveys
Vibration Surveys
Electrical-Resistivity
Profiling

Soundings
Dipole-dipole
Electromagnetic Conductivity
Profiling

Soundings

Ground Probing Radar
Self-Potential Surveys
Magnetic Surveys
Gravity Surveys

Borehole Geophysical and Other Techniques

1.

on

Electrical Logging
Spontaneous potential
Single-point resistivity
Multiple electrode arrays
Micrologging

Induction logging
Borehole fluid resistivity
Nuclear Radiation Logging
Gamma ray
Gamma-gamma logging
Neutron logging
Acoustic/Seismic
Acoustic velocity
Acoustic borehole logging
Crosshole seismic
Tomography

Optical Borehole Logging
Television camera

Film camera

Borehole Caliper Logger
Borehole Fluid Temperature Logger
Borehole Gravity Logger

such correlations for heavy duty ripper performance (ripper
mounted on tracked bulldozer). Charts similar to that
shown in figure 2-50 are available from various equipment
manufacturers but must be used with extreme caution.

Each of the geophysical tests listed above is discussed in
greater detail in either tHgesign of Small Dam4.6] or the
Engineering Geology Field Manug20]. Two more
references containing excellent discussions on geophysical
methods are Hunt [45] and Legget and Karrow [46].

2-21. Field Testing Methods .—

a. General.—Quantitative data can be obtained during
standard penetration testing, and several other field tests can
be used to obtain information concerning in-place subsurface
conditions when exploring foundations. These include:

e permeability tests,

e in-place density tests,

e penetration tests,

e in situ strength and modulus tests,
¢ hand tests.

b. Field Permeability Tests.—Approximate values of
permeability of individual strata penetrated by borings can
be obtained by making water tests in boreholes. Reliability
of values obtained depends on homogeneity of the stratum
tested and on certain constraints of mathematical formulas
used. However, if reasonable care is exercised in adhering
to recommended procedures, useful results can be obtained
during ordinary boring operations. Open end tests and
packer tests in boreholes are described in USBR 7310,
although open end tests are often of londrability. A
well permeameter test used for estimating canal seepage
losses is described in USBR 7300. Using the more precise
methods of determining permeability by pumping from wells
with a series of observation holes to measure drawdown of
the water table (aquifer testing), or by pumping-in tests
using large-diameter perforated casing, requires special
techniques. Detailed information on field permeability
testing methods can be found in tBeoundwater Manual
[47].

c. In-Place Density Tests.—The sand replacement
method is used to determine in-place density in a
foundation, a borrow area, or a compacted embankment by

Tables 2-6 and 2-7 show application and limitations for use

of some of these techniques.

methods, and table 2-7 shows borehole logging methods.
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Table 2-6.—Tools and methods for subsurface investigations

Method

Principle and application

Limitations

Surface seismic refraction

High resolution reflection

Vibration

Uphole, downhole, and
cross-hole surveys
(seismic direct method)

Electrical resistivity
surveys

Electromagnetic
conductivity surveys

Magnetic measurements

Gravity measurements

Ground-penetrating radar

Determine bedrock depths and characteristic
wave velocities as measured by geophones
spaced at intervals.

Determine depths, geometry, and faulting in
deep rock strata. Good for depths of a few
thousand meters. Useful for mapping offsets
in bedrock. Useful for locating ground water.

Travel time of transverse or shear waves
generated by a mechanical vibrator is
recorded by seismic detectors. Useful for
determining dynamic modulus of subgrade
reaction for design of foundations of vibrating
structures.

Obtain velocities for particular strata; dynamic
properties and rock-mass quality. Energy
source in borehole or at surface; geophones
on surface or in borehole.

Locate fresh/salt water boundaries; clean
granular and clay strata; rock depth; depth to
ground water. Based on difference in
electrical resistivity of strata.

Measures low frequency magnetic fields
induced into the earth. Used for mineral
exploration; locating near surface pipes,
cables, and drums and contaminant plumes.

Mineral prospecting and locating large igneous
masses. Highly sensitive proton
magnetometer measures Earth’s magnetic
field at closely spaced intervals along a
traverse.

Detect major subsurface structures, faults,
domes, intrusions, cavities. Based on
differences in density of subsurface materials.

Locate pipe or other buried objects, bedrock,
boulders, near surface cavities, extent of
piping caused by sink hole and leakage in
dams. Useful for high-resolution mapping of
near-surface geology.

May be unreliable unless velocities increase
with depth and bedrock surface is regular.
Data are indirect and represent averages.
Limited to depths of about 30 m (100 ft).

Reflected impulses are weak and easily
obscured by the direct surface and shallow
refraction impulses. Does not provide
compression velocities. Computation of
depths to stratum changes requires velocity
data obtained by other means.

Velocity of wave travel and natural period of
vibration gives some indication of soil type.
Data are indirect. Usefulness is limited to
relatively shallow foundations.

Unreliable for irregular strata or soft soils with
large gravel content. Cross-hole
measurements best suited for in-place
modulus determination.

Difficult to interpret and subject to wide
variations. Difficult to interpret strata below
water table. Does not provide engineering
properties. Used up to depths of about 30 m
(200 ft).

Fixed coil spacings limited to shallow depth.
Background noise from natural and
constructed sources (manufactured) affects
values obtained.

Difficult to interpret quantitatively, but indicates
the outline of faults, bedrock, buried utilities, or
metallic objects in landfills.

Not suitable for shallow depth determination
but useful in regional studies. Some
application in locating caverns in limestone.

Does not provide depths or engineering
properties. Shallow penetration. Silts, clays,
and salts, saline water, the water table, or
other conductive materials severely restrict
penetration of radar pulses.
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Table 2-7.—Geophysical methods and techniques for logging boreholes

Method

Principle and application

Limitations

Electrical logging

Neutron radiation logging

Gamma-gamma logging

Scintillometer (Gamma ray
logging)

Acoustic borehole imaging

Acoustic velocity logging

Crosshole seismic tests

Borehole cameras

Borehole caliper logging

Temperature logging

Several different methods available. Provides
continuous record of resistivity from which
material types can be deduced when
correlated with test-boring data.

Provides continuous measure of natural
moisture content. Can be used with density
probe to locate failure zones or water bearing
zones in slopes.

Provides continuous measure of in-place
density of materials.

Provides measure of gamma rays. Used to
locate shale and clay beds and in mineral
prospecting.

Sonic energy generated and propagated in
fluid such as air to water. Provides continuous
360° image of borehole wall showing fractures
and other discontinuities. Can be used to
determine dip.

Can determine lithologic contacts, geologic
structure, cavities, and attitude of
discontinuities. Elastic properties of rock can
be calculated. Compression (P-water) is
generated and measured. Used almost
exclusively in rock.

Seismic source in one borehole; receiver(s) at
same depth in second (or more) borehole(s).
Material properties can be determined from
generated and measured compression and
shear waves. Low velocity zones underlying
high velocity zones can be detected.

Borehole TV or film type cameras available.
TV viewed in real time. Can examine cavities,
discontinuities, joints, faults, water well
screens, concrete-rock contacts, grouting
effectiveness, and many other situations.

Used to continuously measure and record
borehole diameter. Identify zones of borehole
enlargement. Can evaluate borehole for
positioning packers for other tests. One to six
arm probe designs.

Continuous measure of borehole fluid
temperature after fluid has stabilized. Can
determine temperature gradient with depth.

Provides qualitative information. Best used
with test-boring information. Limited to
uncased hole.

Data from neutron probe is limited to in-place
moisture content values. Often differs from
oven-dried moisture content and requires
correction.

Data limited to density measurements. Wet
density usually more accurate than dry
density.

Qualitative assessments of shale or clay
formations.

Must be used in fluid-filled borehole unless
casing is being inspected. Tool must be
centered in the borehole. Logging speed is
relatively low between 20 and 75 mm/s (4 and
15 ft/min). Images less clear than those
obtained with borehole cameras.

Borehole must be fluid filled and diameter
accurately known. Penetration beyond
borehole wall of about a meter or so.
Geologic materials must have P-water
velocities higher than velocity of the borehole
fluid.

Borehole spacing is critical and should be
>3 m and <15 m. Precise borehole spacing
must be accurately known for data to be
useful.

Requires open hole. Images are affected by
water clarity. Aperture on film camera must
be preset to match reflectivity of borehole wall
materials.

Diameter ranges from about 50 to 900 mm (2
to 36 in). Must calibrate caliper against known
minimum and maximum diameter before
logging. Special purpose acoustic caliper
designed for large or cavernous holes (dia.)
1.8 to 30 m (6 to 100 ft).

Probe must be calibrated against a fluid of
known temperature. Open boreholes take
longer to stabilize than cased holes. Logging
speed 15 to 20 mm/s (3 to 4 ft/min).
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Figure 2-50.—Rock rippability as related to seismic P-wave velocities. (Caterpillar Tractor Co.)

excavating a hole from a horizontal surface, determining thesand density methods to be used depending upon gradation
mass of material excavated, and determining the volume obf material being tested and consequent size of the required
the hole by filling it with calibrated sand. Water content of excavation. If the soil to be tested contains appreciable
soil excavated from the hole is determined, and in-place drycoarse gravel and cobbles, in-place density is normally
density is calculated. In-place density data are often used idetermined by use of test pits with water replacement
calculations to determine shrinkage or swell factors betweeffUSBR 7221). These large scale tests are expensive;
borrow area excavation and compacted embankmentormally, they only are performed when exploring critical
volumes. In-place density tests can be performed in shalloveoarse grained borrow materials and for construction control
foundations to evaluate bearing capacity for small structuresof rockfills and coarse shells of dams.

Various devices using replacement methods (i.e., water,

balloons and water, oil) have been used to measure th&he determination of in-place dry density and water content
volume of the test hole. Indirect methods such as theof a fairly deep foundation is often necessary. In this case,
nuclear moisture and density gauge (USBR 7230) are alsthe sand density method requires excavating a deep test pit
used to determine in-place density, but the sand replacement test trench to gain access to the soils to be tested.
method is most common. USBR 7205 and 7220 describé&xcavation of deep test pits or accessible shafts can be
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hampered by the presence of ground water, and specidbr dams, testing may be performed more frequently, but
safety precautions are required. Most deep test shafts amormally the minimum testing interval is 0.75 m (2.5 ft) to
reserved for critical explorations of coarse and cohesionlesprevent disturbance of soil to be tested in the next interval.
soils. Mechanical drilling and sampling methods haveThe penetration resistance test is widely used to evaluate
mostly replaced deep test shafts. Mechanical drilling andoundation conditions for investigations requiring drill holes.
sampling, if performed correctly, can provide reliable
information on in-place moisture and density of deepPenetration resistance obtained during field testing is
foundation soils. Detailed procedures are given ininversely proportional to the energy delivered to the sampler
USBR 7105 for determining density of undisturbed tube system by the driving system. Research has shown that the
samples. These data can be reliably obtained in the fieldvide variety of equipment available and in use in the United
and are extremely useful for design purposes. If mechanicabtates results in large variations in energy delivery and
drilling and sampling is performed, it is strongly consequently itN (blow count) values [48]. In USBR 7015,
recommended that average tube density be determined. procedures require the use of safety hammers with the rope
and cathead method. The drill rod energy delivered by
d. Penetration Testing.— safety hammers ranges from 60 to 70 percent of free fall
hammer energy and is now considered the standard target
1. General.—Data obtained from quasi-static or range for SPT in the United States. Energlvered by
dynamic penetration tests can be used to estimateautomatic and manual trip hammer systems is more
engineering properties of soils and to delineate subsurfaceeproducible, and possibly higher, because the influence of
stratigraphy. The most common tests employed arerope condition, method of rope release from the cathead,
standard penetration and cone penetration tests [SPT arghd friction in the mast sheave are all bypassed. Drill rod
CPT tests (USBR 7015, 7020 and 7021)]. By evaluatingenergy transmission ranges from 90 to 95 percent for those
resistance to penetration during the tests, engineerin@qutomatic trip hammers for which energy measurements
properties of compressibility and shear strength can béiave been made. Using automatic hammer systems
estimated. Also, test results can be compared and correlatethhances test reproducibility. These hammer systems can,
to properties obtained from laboratory tests on undisturbedowever, only be approved for use after energy delivery and
soil specimens. In many cases the number of undisturbetfansmission characteristics are known.  On critical
sampling holes may be reduced in favor of less expensiv@rograms, such as liquefaction studies, adjustment for
penetration tests to better interpret complex site stratigraphyhigher energy of automatic hammers may be required [48].

2. Penetration Resistance and Sampling of Numerous studies have been performed that indicate the

Soils.—The SPT test consists of determining the number ofimpossibility of obtaining a truly undisturbed sample of
blows N, of a 64 kg (140 Ibm) hammer dropping 762 mm clean loose sand using thin wall tube and thin wall piston
(30 in), required to produce 300 mm (1 ft) of penetration ofsamplers [49]. Volume changes can occur in the clean
a standard 50-mm (2-in) o0.d. sampler into soil at the bottorrands during pushing because of the pervious nature of the
of a prebored drill hole after the sampler is seated an initiamaterial. ~ As a result, there is increased reliance on
150 mm (6 in) (fig. 2-51). Th&l value can be used to empirical correlations to estimate engineering properties of
estimate strength and compressibility of sands, consistencgands.  Figure 1-15 in chapter 1 shows results of
of clays, and bearing capities. A disturbed sample is Reclamation's research for estimating the relative density of
retrieved in the 35-mm (1-3/8-in) i.d. sampler barrel which medium to fine sands in relation to SPT blowcounts.

allows for inspection, visual classification, and moisture Studies performed by the Corps of Engineers produced
content determination (fig. 2-52). Reclamatioedifies a additional data on the factors affecting penetration resistance

barrel with constant inside diameter of 35 mm (1-3/8 in), in sands. The Reclamation chart can be used with sufficient
but most SPT barrels manufactured in the United Stategccuracy for evaluating foundation conditions for most small
today are upset walled to 38-mm (1-1/2-in) diameter tostructures. Strength and compressibility can be estimated
accommodate liners. The difference in SRWalue can  from knowledge of relative density.

vary 10 to 30 percent between different barrels [48]. If

critical studies are performed, the inside diameter of thePenetration resistance tests are also used to evaluate the
barrel must be known so corrections can be madeliquefaction resistance of sands during earthquakes. The
Laboratory soil classification tests (USBR 5000) also can bemethod consists of comparing site data to data from a
performed on the soil sample. Normally, penetration testsompilation of case histories of liquefaction occurrence.
are performed at 1.5 m (5 ft) intervals or with changes inCase history data are available for performance of silty
soil strata. For critical investigations, such as foundations
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Figure 2-51.—Standard drilling equipment used to perform penetration tests.

sands during cyclic loading. Liguefaction testing is a pump bypass during removal of cleanout string and

normally associated with drilling, testing, and sampling of testing.

loose clean sands and silty sands that must be carefully

drilled. If procedures are not taken to stabilize the loosePenetration resistance data obtained with the 50-mm (2-in)

deposits, data will be unreliable. Normally, rotary drilling diameter sampler are not reliable in gravelly soils. Research

methods with drill muds are required to stabilize the boring.on penetration resistance of gravelly soils has been

The primary cause of disturbance of sands is hydrostatiperformed using larger samplers of 75 to 90 mm (3 to

imbalance. To maintain hydrostatic balance, the boring3 1/2 in) o.d. along with larger hammers, but these tests are

must be kept full of drill fluid during drilling and by use of nonstandard. Recovery of coarse-grained soils and accuracy
of blowcount data may be improved using the larger sampler
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Figure 2-52.—Sampler requirements for penetration resistance testing.

barrels; however, the analysis of data obtained with thisdrill is used in geotechnical investigations for drilling,
equipment and procedures should only be used withsampling and penetration testing in coarse-grained granular
engineering supervision and oversight. If engineeringsoils. The drill uses a double-acting diesel pile hammer to
properties of coarse-grained soils must be determined, it iglrive a specially designedouble-valled casing into the
recommended that accessible borings, in-place density testground. The casing comes in 2.4- or 3.0-m (8- or 10-ft)
Becker penetration tests, and shear-wave velocity tests bengths and is available in three standard sizes: 140 mm
performed. (5 1/2 in) O.D. by 83 mm (3 1/4 in) I.D., 170 (6 3/4 in)
0O.D. by 110 (4 1/4 in) I.D., and 230 mm (9 in) O.D. by
Penetration resistance data can be used tmatstithe 150 mm (6 in) I.D. The main advantage of the Becker
relative consistency of cohesive soils as shown on table 1-hammer drill is its ability to sample or penetrate cobbles and
(ch. 1). Moisture content data from SPT testing can be usebtoulder deposits at a fast rate and provide a penetration test
in conjunction with laboratory data from undisturbed similar to SPTs. The heavy-walled Becker casing is strong
samples to evaluate engineering properties at critical sitesand can break up and penetrate boulders and weak bedrock
Vane shear, borehole shear, cone penetration, flat-platg0].
dilatometer, and pressuremeter tests are better suited for
determining undrained shear strength of medium to very soft
cohesive soils than is the standard penetration test.

2. Open-Ended Becker Drilling Method.—The

Becker casing can be driven open-ended with a hardened

drive bit for drilling and sampling, in which compressed air

is forced down the annulus of the casing to flush the cuttings

up the center of the inner pipe to the surface. The
1. Origin of Becker Penetration Test.—The Becker  continuous cuttings or soil particles are collected at the

penetration test is performed with the Becker hammer drill,ground surface via a cyclone. At any depth, the drilling can

a rugged and specially built hammer-percussion drill. Thebe stopped, and the open-ended casing allows access to the

e. Becker Penetration Test.—
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bottom of the hole for tube sampling, standard penetratiortesting of low density estuarine deposits. The procedure
test or other in-@lice test, or for rock coring to be consists of measuring the resistance of & &fex angle
conducted. On completion of drilling, the casing is cone, with 1000 miprojected surface area, being pushed
withdrawn by a puller system comprising two hydraulic into the soil at a controlled rate of 20 mm/s. During most
jacks operating in parallel on tapered slips that grip thecone tests the force exerted on a cylindrical friction sleeve
casing and react against the ground. located behind the tip is also measured. Procedures for
mechanical and electric cone penetration tests are given in
3. Close-Ended Becker Drilling Method.—The USBR 7020 and 7021. Cone testing is performed for rapid
Becker casing can also be driven close ended, without usingelineation of site stratigraphy and estimation of strength,
compressed air, to simulate the driving of a displacementompressibility, pile capacity and liquefaction resistance.
pile. The idea is to drive the Becker casing close-ended like
a pipe pile and use the recorded blow counts [blows peMWith the introduction of electronic cone penetrometers,
0.3 m (1 ft)] to indicate soil density. The Becker densenesgpenetration resistance data can be collected at intervals as
test, or the Becker penetration test (BPT), is generally lesslose as 20 mm (3/4 in) to provide an excellent record of
sensitive to gravel particle size than the SPT because of theubsurface stratigraphy. As shown on the example,
larger Becker pipe [140 mm (5 1/2) O.D. and larger] figure 2-53, drained behavior in cohesionless deposits
compared to the SPT sampler [51 mm (2 in) O.D.], andresults in significantly higher cone tip resistance than in
has, therefore, been found to be useful as an indicator afindrained clays. The resulting data trace accurately
density in gravelly soils. As a result, the BPT can be usedlelineates bedding in layered deposits. The bottom layer,
for pile driveability and pile length evaluation, as well as for of the example figure, is a lacustrine deposit under a dam
foundation design, usually thugh correlations with the SPT where seasonal gradational differences in the deposit are
[51]. The BPT is also becoming accepted as a practical toaflelineated with the cone. Additional sensors can be added
for liquefaction potential assessment in gravelly sites, agairio the cone body to obtain records of:
through correlations with the SPT [52, 53, 54].
e pore pressure,
4. Interpretation of BPT and SPT Data.—In order e cone inclination,
to make use of the large worldwide foundation performance e temperature,
data base currently available for the SPT, such as the SPT- e electrical resistivity or conductivity,
based liquefaction data base, there is a need for reliable e seismic wave velocity by use of geophones.
BPT-SPT correlations. Numerous attempts have been
carried out in the past to correlate the BPT blow counts tdJsing the piezocone, soundings can be stopped in sand
the SPT N-values. Most of these correlations, however layers and hydrostatic pressures can be determined.
have limited applications since they do not take into account
two important factors affecting the BPT blow counts: the Advantages of cone testing include the rapid rate of testing,
variable energy output of the diesel hammer used in thebility to obtain excellent soil stratigraphy data, and
Becker system and the soil friction acting on the Beckerrepeatability of test data. Disadvantages of cone penetration
casing during driving. testing are the inability to obtain a soil sample and to test
firmer soils because of the large thrust required to push the
To overcome the variable hammer energy fmwobin the  cone into the soil. On favorable sites, having good access
BPT, a method was proposed of using the measured pea&nd moderate to soft soil cdtidns, prodwtion can reach
bounce-chamber pressures at the top of the double-acting0 to 120 meters per day (200400 ft/d) with resliing
diesel hammer to correct the measured blow counts to a saninimal exploration costs per meter of sounding. Error in
called "constant full combustion condition" [52]. The test data is slight if testing is performed according to USBR
corrected BPT blow counts can be correlated to corrected020 and 7021. On investigations for significant structures,
SPT blow counts. Although an improvement over existingsuch as dams, the inability to obtain samples requires that
BPT-SPT correlations, this method still has serious site-specific correlation be performed with undisturbed
limitations.  The bounce-chamber, pressure-correctionsampling. If the cone is used, the number of expensive
method cannot capture all the important variables affectingsampling holes may be reduced. Another disadvantage of
the BPT blow count, and the BPT-SPT correlation does notcone penetration soundings is that backfill grouting of cone
consider casing friction in the BPT [55]. holes is difficult and requires specialized equipment.
Backfilling may be required when sounding through water
f. Cone Penetration Tests.—Cone Penetration testing retaining embankments and hazardous waste sites.
was developed in the Netherlands for rapid penetration
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Figure 2-53.—Example of electronic cone penetrometer data.
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Reclamation uses both mechanical and electrical coneeliable techniques. Reclamation has found that some
adaptor kits for drill rigs, as well as an f&&tric-ton degree of site specific data analysis is required to refine
(20-ton), cab-mounted testing vehicle shown on figure 2-54.some of these correlations to achieve sufficient accuracy for
The all-wheel-drive, 18-metric-ton, gross-weight vehicle candesign data purposes. For example, when evaluating
advance cones through harder and/or coarser deposits amthdrained shear strength of clay, it is required that other
to greater depths than conventional drilling rigs, which canfield or laboratory tests be performed because the cone
only develop 4.5 to 9 metric tons (5 to 10 tons) of reaction.bearing capacity factor,Nk, varies widely. Recent
Cone penetration testing is limited by thrust capacity and byresearchers have focused on using dynamic pore pressures
durability of the rod and cone system. Lithified deposits from the piezocone to refine these correlations. However,
and very firm to hard cohesive soils cannot be readilypiezocone testing requires additional time and effort to
penetrated. Dense to medium dense gravel usually impedgsepare and calibrate the cone and prevent cavitation of the
penetration, but loose silty gravels have been penetratecelement.  Cavitation of the saturated pore pressure
The enclosed truck-mounted cone testing rig allows formeasuring element is a problem when the sounding must
testing in difficult weather conditions. Data acquisition, first penetrate unsaturated zones or sands near the surface
reduction, and calibration equipment are all contained orwhich dilate and cavitate the system.
board and allow for onsite data interpretation. A
disadvantage of the large 18-metric-ton truck is access in g. Dynamic Penetrometers.—In Europe, dynamic
soft ground surfaceonditions. If traffcability problems  penetrometers are frequently used for performing rapid
exist, all-terrain equipped drill rigs or trailer-mounted drill soundings to develop site stratigraphy. Many different
rigs using tie down augers for vertical reaction can be usedstandards exist, depending on the country of use.
Conventional drill rigs used for cone testing should have a
hydraulic feed system to ensure smooth, steady, quasi-statierocedures consist of driving a cone pointed penetrometer
advance of the cone. with repeated hammer blows and counting the number of
blows to advance the point a given distance. Most dynamic
Primary use of cone penetration testing in Reclamation is fopenetrometer systems are portable and use automatic means
stratigraphic mapping. Cone testing is performed to acquirgo lift and drop the hammer, thereby reducing variability in
data in between conventional drilling and sampling holes.the test method as well as experience and training required
Correlations between cone data and soil classification, andor operators. Dynamicosindings provide an eoomic
strength and compressibility of sands and clay, have beemeans to perform investigations at close spacings. Most
developed for both mechanical and electrical cones [56, 57]penetrometers can penetrate gravelly soils. Reclamation has
not used dynamic penetrometers to a significant degree.
In clean sands, design methods for evaluating settlement of
footings using cone data are accepted as one of the most

Figure 2-54.—Electronic cone penetrometer testing vehicle.
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h. In Situ Strength and Modulus Tests.—Generak lower it again every time a vane test is performed.
Many new methods dh situ load testing are being studied Determination of rod friction is easily accomplished using
in an effort to improve prediction of engineering properties Reclamation’s vane shear device which is equipped with a
of soil and rock in place. The ternm*situ’ is often used  special vane slip coupling system.
to describe these tests in geotechnical engineering and is
used here to signify that the test actively loads the j. Pressuremeter Testing.—Pressuremeter tests are
surrounding soil. Elsewhere in this manual, the term "inperformed to characterize the stress-strain behavior of soil
place" is used to describe in-place conditions. and rock in place. Tests are performed by measuring the

pressure and resulting volume change énoents of a
In most of then situtests, loads are applied to the soil, and cylindrical expandable measuring cell which is inserted into
deformation or shearing resistance is measured. Moséa carefully prepared borehole (fig. 2-55). The measuring
methods depend on carefully preparing a prebored drill holecell or probe is typically inserted into a prebored drill hole;
to minimize borehole wall disturbance. In many cases,but in some instances, it is advanced by self-boring or
several different drilling techniques will need to be driving. Reclamation test procedures are still under
attempted prior to successful operation of the test. Testinglevelopment, but satisfactory procedures for interim use are
specialists need to participate in the early phases of planningiven in ASTM procedure D 4719 [59].
and testing. Even with increased cost of additional efforts
in drilling, savings may be realized in the overall Pressuremeter tests can be usedeterdnine the inface
exploration program through reduction in laboratory or modulus of deformation of a wide variety of soils and rock
otherin situtesting. The advantage iof situ tests is that  for which undisturbed sampling and laboratory testing are
the soil is tested at existing stress conditions; whereas idlifficult. The data are primarily used to evaluate anticipated
laboratory testing, detrimental effects of unloading (stressstructural settlements. Usually, testing is performed with
relief) and reloading must be considered. In soft weatheregressure increments applied at 1 minute intervals, which
rocks and friable deposits, sometimes it is impossible toresults in undrained loading of fine-grained soils.
recover samples for laboratory specimens, and properties dfindrained strength of cohesive soils can be estimated from
these low recovery zones are often most critical to design ofhe limit pressure (pressure at infinite expansion), but
the structure. In situ tests offer the means by which requires extrapolation of test data. The pressuremeter is the
engineering properties may be obtained in the absence anly reliable method of determining the in-place friction
available samples for laboratory testing. angle of sands using stress-dilatency theory. However, use

of a self-boring pressuremeter is required in saturated loose

i. Field Vane Tests.—The vane method of testing is sands to minimize drilling disturbance.
widely accepted for determining undrained shear strength of
soft to very soft consistency clays. The test consists oRock pressuremeters (dilatometers) with maximum pressure
pushing a four-bladed vane into the soil at the bottom of acapability approaching 35.5 MPa (5,000 b¥ican be used
borehole and measuring the rotational torque required tdo evaluate deformation modulus in hard rock to soft rock
rapidly fail the soil. Equipment and procedures for and in areas of low recovery. Strength interpretation of
performing the vane shear test are described in USBR 711%oth hard rock and softer rock is difficult, highly
Even though the vane shear test can be used to delineafigeoretical, and requires interpretations of stress-strain
stratigraphy, it may be more economical to perform conepaths. Strength test data interpretation in cemented soils and
penetration or flat-plate dilatometer testing for this purpose.soft or fractured rock is especially difficult. As a result of
In most vane shear testing, a remolded strengththese difficulties, Reclamation still uses the rock dilatometer
determination is also made to assess sensitivity of the clayqrimarily to evaluate deformation modulus, and other field
Determination of sensitivity of clays is difficult in the and laboratory tests are performed to determine strength.
laboratory and is best determined using field vane shear
testing. Pressuremeter testing has been performed in gravelly soils

by driving a slotted\W casing to protect the pressuremeter,
Vane shear testing requires a rotary drill rig to drill and but effects of driving displacements in gravel are not fully
clean the boring and to press the vane into undisturbed soilunderstood.
Reclamation has modified th@X casing housing of the
vane and rods to act as a rotary drill string. During drilling, Pressuremeter testing in soils requires exacting execution of
the vane is retracted inside tiBX cutting bit. This  drilling to: (1) minimize disturbance of the borehole wall
modification reduces hole disturbance in very soft clays andand (2) provide a borehole diameter within allowable
precludes the need to withdraw the entire drill string andtolerance. Test procedures require that the borehole be no
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Figure 2-55.—Menard pressuremeter equipment.
(Baguelin, Jézéquel, and Shields [58])

Probe

smaller than 97 percent of probe diameter or 20 percentletermination of shearing resistance. The test consists of
greater than probe diameter when testing soils. Even tightelowering two diametdally opposed shear plates into a
borehole diameter requirements are required for rockborehole, applying a normal force to seat the plates into the
dilatometers.  Since testing is typically performed in borehole sidewalls, and applying shearing force to the plates
materials which are difficult to sample, a variety of drilling by vertically pulling on rods connecting to the ground
methods may need to be attempted to achieve success. $wmrface. A schematic of the equipment is shown in
very soft clays and loose saturated sands the self-borinfigure 2-57. The soil borehole shear test was developed by
pressuremeter is recommended. Two self-boringProf. Handy of lowa State University. Later, under a
pressuremeters are shown in figure 2-56. A recent trend ifBureau of Mines research program, a rock borehole shear
self-boring pressuremeters is using jetting instead of roclkdevice was developed with capability for exerting normal
bitting for hole advancement. If jetting is used, the forces of 35 MPa (5,000 Ibf/ih Testing procedures for
pressuremeter body should be equipped with fluid pressureock borehole shear devices are under development by
sensors to ensure that circulation is maintained. WallReclamation and the American Society for Testing
disturbance can be evaluated from the pressure-volume datdaterials.
Testing duration can be up to 1 to 2 hours per interval.
Although pressuremeter testing is one of the more expensivBorehole shear testing requires careful drilling to minimize
in-place tests, the testing is still performed at less cost thadisturbance to the borehole walls and to ensure appropriate
obtaining undisturbed samples and performing laboratoryborehole diameter. Usually, for rock borehole shear
testing. testing, NX diameter boreholes should not exceed 83 mm
(3.25 in) in diameter. Shear stress and normal stress data
k. Soiland Rock Borehole Shear Testing.—Borehole can generally be obtained at three normal stresses at one
shear testing is performed for rapid location in the borehole within 30 minutes to 1 hour and
results in significant cost savings over laboratory testing.
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Figure 2-56.—Self-boring pressuremeters. (Jamiolkowski, Ladd, Germaine,
and Lancellotta [60])

Strength interpretation of data from the borehole shear testintested area of the borehole. Testing intervals as close as
in soils is complicated by the need to evaluate loading rat&0 mm (2 in) in elevation may be tested, depending on
and resulting drainage conditions. A pore pressure sensamaterials. The close spacing allows testing of thin seams
has been added to the shear plates to provide data cand shear zones.
consolidation and drainage, so application of load can be
evaluated. Borehole shear testing is not recommended for /. Flat Plate Dilatometer Test—The flat plate
cohesionless soils or soft to very soft cohesive soils becausdilatometer test (DMT) is performed to determine
of the difficulty in borehole preparation. Gravel particles in compressibility and shearing strength of a wide range of in-
soils may result in invalid test results because of nonuniformplace soils [63]. The test requires advancing (by pushing)
stress distribution around the plates. Testing is mosk blade-shaped penetrometer with an expandable membrane
successful in firmer cohesive deposits, which are easily(fig. 2-58) into the soil using a drilling rig or cone
sampled for laboratory testing; as a result, testing in soils ipenetration equipment. After pushing the dilatometer to the
not performed often. desired depth, the membrane is pneumatically expanded,
and pressures are recorded at two positions of membrane
Borehole shear testing of rock is economical and providesieflection. Tests are normally performed at 200-mm (8-in)
accurate test data [62]. It is a viable alternative to moredepth intervals. Testing is rapid and repeatable with simple
expensive laboratory testing. Testing has been performedquipment and operation. By using the expanding
on a wide range of rocks including lightly cemented membrane, the instrument can more accurately determine
sandstones and claystones, and of coals to hard granites.soil compressibility than cone penetration testing and with
similar economy in exploration costs. Testing procedures
Laboratory shear strength tests tend to overestimate strengtire under development by American Society for Testing
values, as only cores with sufficient length to diameter ratiosMaterial, but are well established by more than 10 years of
are tested. Borehole shear testing permits testing of lovengineering experience [65]. The DMT testing can provide
sample recovery zones that are often the most critical foan estimate of soil type based on differences in the two
design. The normal force plates of the rock testingdeflection pressures. The pressure difference reflects
apparatus allow testing at three mal stresses at a single drainage conditions influenced by permeability and
elevation in the borehole by rotating the shear head to an coefficient of consolidation. With addition of thrust data to
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Figure 2-58.—Dilatometer test equipment. (Schmertman [65])
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advance the dilatometer, the DMT provides data for(2.5 ton/ff). The Torvane dial is marked with major
defining subsurface stratigraphy similar to cone penetrationdivisions in units of 0.05 kg/ch(0.05 ton/ff) to permit
testing. visual interpolation to the nearest 0.01 kg7 (01 ton/ff).

The flat plate dilatometer provides data to accuratelyTo perform the test, a flat area on the side of a test pit or
evaluate compressibility in normally consolidated clays andundisturbed sample iskected. A vane size is selected
sands. Undrained strength in normally consolidated towhich is appropriate for the material being tested. Several
lightly overconsolidated clays is equivalent to uncorrectedtrials may be necessary to determine the correct vane size.
vane shear strengths making the DMT an economicallToo small a vane will produce dial readings of insufficient
alternative or supplement to vane shear testing. DMT datanagnitude to register on the dial head,iletioo large a
can be used to estimate stress history and changes in stregane will produce readings too great for the scale. A larger
history. Field studies have been performed in vane adapter is shown on figure 2-59. The vane is carefully
overconsolidated deposits to provide empirical correlationspressed into the cohesive soil to the depth of the vane
to engineering behavior. Prediction of friction angle in blades. The Torvane knob is turned while a constant
sands is performed using wedge penetration theory andormal load is kept on the device by finger pressure against
requires measurement of thrust required to push thehe knob. A ate of rotation that causes failure in 5 to
dilatometer into the ground. Since thrust is typically 10 seconds is recommended. After failure occurs, the dial
measured at the surface, rod friction limits depths in whichhead reading indicated by the pointer is read and recorded,
friction angle can be accurately predicted. and the shear strength is calculated. The procedure for
performing this test is outlined in USBR 5770iel8 data
Using 18-metric-ton (20-ton), truck-mounted, cone taken from sample tubes should be noted in the comments
penetration testing equipment, the DMT can be pushedolumn of the undisturbed soil sampling data sheet 7-1656
quasi-statically through soils with SRV values less than (USBR 7105)
30. Stronger soils require preboring using conventional
drilling equipment. The DMT testing is not suitable for n. The Point-Load Strength Test—Rock strength is
testing gravelly soils. Testing rates of up to 50 meters pewmn important property, and a suitable strength-index test is
day (165 ft/d) can be obtained. Operation and maintenanceequired. Simple "hammer and penknife" tests can be used;
of the testing equipment is simple. however, this approach seldom provides objective,
quantitative, or reproducible results. The uniaxial
m. Pocket Vane Shear Test.—The hand held vane (unconfined) compression test has been widely used for rock
shear testing device (Torvane) is used for rapid evaluatiorstrength classification but requires machined specimens and,
of undrained shear strength of saturated cohesive soils. therefore is an expensive technig@ssentially confined to
can be used on tube-type samples, block samples, or aie laboratory.
sides of test pits in the field. Values obtained from these
tests are sometimes useful to assist in planning laboratory oFhe point-load test is conducted in the field on unprepared
field investigations. The Torvane is designed for use onrock specimens using simple portable equipment. Two
saturated, fine-grained cohesive soils. Torvane tests shoultypes of point-load test machines are available as shown on
always be performed in the ends of thin wall samples of soffigure 2-60. Essentially, the test involves compressing a
clays in the field. The data regarding consistency is of greapiece of rock between two points. The point-load index is
assistance in selecting laboratory tests to be performed onalculated as the ratio of the applied load to the square of
clay samples. The presence of coarse sand or gravel in tete distance between the loading points. As illustrated on
specimens could result in erroneous values of undrainedigure 2-61, the point-load test has a number of variations
shear strength of soil. If the test specimen contains coarsesuch as the diametral test, the axial test, and the irregular
grained material, the Torvane should not be used, and othdump test.
shear strength measuring techniques should be performed.
The device is shown on figure 2-59. The strength at failure is expressed as a point load ihdex,

The Torvane device is a small vane shear meter capable of
measuring shear strengths between 0 and 2.5%g/cm
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(a) Top view. (b) Side view. Note vane at bottom.

(c) Adaptor: 0 to 0.2 ton/ft2, (d) Adaptor: 0 to 2.5 ton/ft>.

Figure 2-59.—Torvane (pocket-vane shear meter) equipment.

An approximate correlation exists between the point-load47.6 mm (1.875 in)(NQ) =
index and the uniaxial compressive stren@h, as shown in)(HQ) = 24.5.
on figure 2-62 and is given byO, = 241,

23, and 63.5 mm (2.500

Reclamation experience indicates the above correlation may
In the above equation, the constant 24 is for a 54-mmvary with geologic rock type as well as the condition of the

(2.125-in)(NW)-diameter core. For other core sizes, valuesore. On important projects, such as tunnels and pressure
are: 20 mm (0.750 in)(RW) = 17.5, 27.0 mm shafts, a site-specific cotegion should be developed and
(2.062 in)(AQ) = 19, 36.5 mm (1.432 in)(BQ) = 21, the variability of the results evaluated.
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Figure 2-61.—Point-load strength testing variations (a) diametral test,
(b) axial test, (c) irregular lump test.

To judge whether a point-load test is valid, the fracturedrequired. This may take the form of a sophisticated
pieces of core should be examined. If a clean fracture runtaboratory or in-place test in which all the characteristics of
from one loading point indentation to the other, the testthe in-place behavior of the rock discontinuity are
results can be accepted. However, if the fracture rungeproduced as accurately as possible. Alternatively, the test
across some other plane, as might happen when testingay involve a simple determination dependingon
schistose rocks, or if the points sink into the rock surfacefacilities available, the nature of the plem being
causing excessive crushing or deformation, the test shoulthvestigated, and the stage of the investigation.
be rejected.
A portable direct shear device for testing rock

0. Portable Direct Shear Rock Testing discontinuities is shown on figure 2-63. This machine was
Device.—Shear strength is an important factor for stability designed for field use; many of the refinements present on
of a rock slope. The shear strength of a potential failurdarger machines were sacrificed for simplicity and
surface that may consist of a single discontinuity plane or gortability. A typical test can be performed in this device
complex path following several discontinuities and involving in about 15 to 30 minutes. As shown on figure 2-63(b), the
some fracture of the intact rock material must be test specimen is oriented and encapsulated in the shear box
determined. Determination oéliable shear strength is a halves so the discontinuity is aligned within the shear plane
critical part of a slope design because relatively smallof the testing device. Specimen size is limited to about
changes in shear strength can result in significant changes ih00-mm- (4-in-) diameter core or other shapes of about
the safe height or angle of a slope. To obtain shear strengthO0 mm (4 in) in dimension.
values for use in rock slope design, some form of testing is
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Stationary high pressure rock €t shear machines in the description for conducting these tests is presented in
Earth Sciences laboratory are available for testing largerreference [66] and in the following section.

specimens. Reclamation has direct shear machines capable

of testing 150- and 250-mm- (6- and 10-in-) diameter qg. Uniaxial and Radial Jacking Tests in
specimens at naral stresses of up to 700000 kPa Rock.—Borehole dilatometer tests and tests performed on

(100,000 Ibf/iR). core samples may not produce representative results because
they reflect behavior of only a small percentage of a rock
p. Large-Scale, In-Place, Direct Shear mass. Modulus of deformation of laboratory specimens is

Tests.—Direct shear testing of small rock cores may not usually higher than true rock mass behavior because joints
produce accurate data because of scale effects. In margnd discontinuities are not included in the specimen.
cases, it is desirable to test rock with discontinuities whichBorehole tests may include some discontinuities and result
are difficult to sample or which could be disturbed by the in lower moduli. The stress field from a large structure,
sampling process. If shear strength information is criticalsuch as an arch dam, may extend well into an abutment and
on large structures such as dams or powerhousesnay include many discontinuities which influence the
performing large scale in-place shear tests may bebehavior of the structure itself. To accurately design such
necessary. These tests are expensive and difficult tstructures, larger-scale tests have been developed. Uniaxial
perform. The test can be performed in accessible openinggcking tests such as those depicted in figure 2-65 can be
or adits. Figure 2-64 shows the arrangement for testing irperformed in exploration adits. Uniaxial tests can be
an adit where the normal force is applied through reactionaligned to simulate thrust direction produced by the structure
to the tunnel crown. Test specimens are normally 380 byand to accommade arrangement of jointing and
380 square by 250 mm (15 x 15 x 10 in) deep. Sheadiscontinuities presentin the rock. Uniaxial tests are always
loads, approximating structure loading, are applied, andoerformed to provide data for the design of large concrete
there is only one peak strength determination prior to slidingdams. The tests are major undertakings and are expensive.
shear strength determinations. Normal stresses of up tRadial jacking tests have also been developed to simulate
7,000 kPa (1,000 Ibf/fy have been tested. A more detailed "circumferential" in-place stresses for larger areas [67].
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Figure 2-63.—Sketch of portable direct shear device.

Aluminum components are used to perform the uniaxialLocations of the extensometer anchors are such that both
jacking test; and 0.9-m- (3-ft-) diameter hydraulic circular closing of surficial cracking and rock mass deformation can
flat jacks are used for applying reaction to the column.be evaluated. Usually, load increments are applied in 1,500
Jacking pressure (simulated structure load on the rock) of upPa (200-Ibf/if) increments and sustained for 1 or 2 days,
to 7,000 kPa (1,000 Ibf/fhcan be applied. Deformation is followed by complete unloading and evaluation of set [68].
monitored in twdNX size boreholes located in the center of The test site preparation is the most time consuming
the jacking pad. Seven-point retrievable steel rodactivity. Tunnel adits must be expanded to a minimum
extensometers are installed in eachil drwole to monitor diameter to accommodate equipment. Test areas must be
deformations at various depths from the rock face. carefully prepared to remove any blast damaged material by
using pneumatic chipping hammers and drills.

D. Recording and Reporting of Data

2-22. Maps.—Information which requires many pagesgeneral area of the work; describing access and
of narrative can be shown on a map. Among the matsansportation facilities such as highways, railroads, rivers,
varieties of mapping methods available, some suitabded towns; and locating epial types of material deposits
procedure can be found that will convey the necessasych as riprap or aggregates. Maplss ranging between
information clearly and easily. 5,000 feet per inch and 400 feet per inch often are used for

more detailed information covering the immediate vicinity of

a. General—Three scale ranges for maps aréhe work; general geology of the area; reservoir areas,;
commonly used. Maps ranging in scale between 1 aftetation of borrow pits; right-of-way lines; locations of
10 miles per inch are usually suitable for showing the
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Figure 2-64.—Shear and sliding friction testing equipment, Auburn damsite.

roads, canals, and transmission lines; and similarguidance is provided for proper scaling of various geologic
information. To provide detailed information on a structure maps in theEngineering Geology Field ManugP0] and

site, map scales ranging between 500 feet per inch ané&ngineering Geology Office Manugd9].

20 feet per inch are commonly used; but long, low damsites

with limited relief may be mapped at a scale of 1,000 feetState plane coordate systems are preferred. All detail
per inch. Locations of small structures where local detail ismaps should be controlled by a coordinate system or other
important may be mapped on scales of 20 feet per inch. Irdefinite means of locating points on the ground. The grid
selecting a scale, it is desirable to keep the ratio of groundines should run true north and south, and east and west. If
measurement to map measurement as simple as possible; farlocal grid system is established, the origin of the system
example, the added detail that can be shown using a scale should be to the south and west of the area under
750 feet per inch may be less beneficial than theconsideration, and the displacement should be
convenience of using a scale of 1,000 foot per inch. Also,predominantly in one direction, so there will be a major
the complete map should not be larger than may benumerical difference between the north and east coordinates
conveniently spread on an ordinary table. The map's scalef any point. If a damsite is involved, the displacement
and a north arrow must always be shown. Further specifishould be sufficient so the entire work area, including
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Figure 2-65.—Uniaxial jacking test.

borrow areas, plots within the northeast quadrant. The gridnap, and landforms portrayed by contours can indicate, to
system should be referenced to fwbland surveys, some degree, the type of soil and subsurface geologic
triangulation stations, and other prominent permanentconditions. In the absence of topographic map coverage or
features in the area. where greater detail is needed, photogrammetric methods
are used to produce maps of any desired scale and contour
Variations in elevation are depicted on detail maps by use ointerval.
contours. Contour intervals required may range from 20-
or 25-foot intervals to 2-foot intervals, and, occasionally, Commonly available general purpose topographic maps
1-foot intervals depending on the map scale, the irregularitye.g., USGS-type maps) are not detailedughofor ste-
of the land surface, and the map use. specific needs. Topography for engineering exploration,
design, and construction must be generated for the specific
In general, contours should be sufficiently close together s@pplication. Horizontal scales of 1 inch to 50 or 100 ft and
that elevations between contours can be determined witleontour intervals of 1 to 5 ft are common. Site-specific
confidence, but sufficiently separated so that a contour camaps are usually generated photogrammetrically using aerial
be visually followed without difficulty. Elevations should photographs flown for the application, although small maps
always be referred to sea level on the basis of thamay be prepared using plane table or ground survey data.
nationwide survey system of the U.S. Geological Survey orTopographic maps are generated from aerial photographs by
U.S. Coast and Geodetic Survey. If an assumed datum igiewing the photos in an analytical plotter. The plotter
used for reconnaissance purposes, this elevation selectgmbrmits manual or automatic generation of lines of equal
should not conflict with any known elevations. elevation at predetermined intervals and scales derived from
stereo images of the photos.
Topographic maps are necessary in exploration of
foundations and construction materials for hydraulic The coordinate system used on a map to locate features
structures. The locations and elevations of exploratorydepends on the needs or conventions of the project. State
holes, outcrops, and erosional features can be shown on th@ane coordinates are usually used, but older projects may
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still use Iacal coordimte systems set up for the specific (2) existing topographic maps. Control for these maps

project. The measurement units (U.S., metric, or degreesyaries with scale. The most accurate are large-scale

are determined by the needs of the project. photogrammetric topographic maps generated from aerial
photographs for specific site studies;

Reference point accuracy is categorized in orders,

depending on the need of the project. The locations of(3) uncontrolled aerial/terrestrial photogrammetry. Camera

benchmarks vary in accuracy and may vary from preciselylens distortion is the chief source of error;

located geodetic benchmarks to locations scaled off a

topographic map. The geodetic survey provides data or{4) Brunton compass/tape surveys. These surveys can be

benchmark location, including those set by the USGS. reasonably accurate if measurements are taken with care; and

The map datum used for determining the map coordinatg5) sketch mapping. Practice is needed to make reasonably
system is important because older maps generally useaccurate sketch maps.
obsolete datums (e.g., NAD 27 used on most USGS
guadrangles) and new maps or measurements use neWhe geographical positioning system (GPS) may provide
datums (e.g. NAD 83). Mixing datums can produce adequate position locations depending on the required
apparent errors of several hundred feet that are oftericcuracy or precision.
difficult to resolve.

The geographical positioning system is a system of satellites
Site topographic maps are used as base maps for geologibat provides positioning data to receivers on earth. The
mapping as well as for foundation design and constructionreceiver uses the positioning data to calculate the location of
excavation maps. These site-specific maps are generallfhe receiver on earth. Accuracy and type afadoutput
updated during construction to document actual conditionsdepend on many factors that must be evaluated before using

encountered. Updates are made by ground survey or aréie system. The factors that must be evaluated are:

refown on major jobs. Material quantities are often
determined by successive topographic mapping as
excavation proceeds.

When having specialized topographic maps made, several
factors are important. The scale, contour interval, and area
are the most important factors and are determined by the
needs of the project. The map datum (generally NAD 27 or
NAD 83) and the map medium are also very important. All
topography should be provided on paper and digitally.

Site geologic maps are used for the design, construction,
and maintenance of engineering features. These maps
concentrate on geologic and hydrologic data pertinent to the
engineering needs of a project and do not address the
academic aspects of the geology. In addition to published
topographic maps, the USGS has other information for
mapped areas; for example, location and true geodetic
potion of triangulationtations and elevation of permanent
benchmarks established by the USGS.

The horizontal and veddal accuracy and precision of
locations on a map depend on the spatial control of the base
map. General base map controls are (in decreasing
accuracy and precision):

» Project requirements.—The location, accuracy, or

precision needed by the project is a controlling factor
in whether GPS is appropriate for the project. The
actual needs of the project should be determined, being
careful to differentiate with “what would be nice.”
Costs should be compared between traditional
surveying and GPS.

GPS equipment.—Different GPS receiver systems
have different accuracies. Accuracies can range from
300 ft to inches (100 m to mm) depending on the
GPS system. Costs increase exptiaéy with the
increase in accuracy. A realistic evaluation of the
typical accuracy of the equipment to be used is
necessary, and a realistic evaluation of the needed, not
“what would be nice,” accuracy is important. Possible
accuracy and typical accuracy are usually notthe same.
Data parameters.—The datum or theoretical reference
surface to be used for the project must be determined
at the start. USGS topographic maps commonly use
NAD 27, but most new surveys use NAD 83.
Changing from one datum to another can result in
apparent location differences of several hundred feet
(hundreds of meters).

The map projection is the projection used to depict the round

(1) survey control or controlled terrestrial photogrammetry, Shape of the earth on a flat plane or map. The most common

mapped from survey-controlled observation points or byProjections used in the U.S. are the transverse Mercator and
plane table or stadia; the Lambert conformal conic. State plane coordinate systems
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almost exclusively use one or the other. To use these stagonstruction. In general, the following suggestions are for:
plane projections, location and definition parameters arg(1l) general mapping requirements for the job; (2) type of

necessary.

* Transverse Mercator.—The transverse Mercator

documentation needed; and (3) mapping requirements.

1. General Requirements.—Relatively detailed site

projection requires a central meridian, scale reduction geologic mapping studies generally are done for most

and origin for each state or state zone.
* Lambert confomal conic.—TheLambert conformal

structures or sites. Site mapping requirements are controlled
by numerous factors, the most important of which are the

conic projection requires two standard parallels and artype and size of structure to be built or rehabilitated, the

origin for each state or state zone.

phase of study (planning

through operation and

maintenance), and the specific design needs.

The coordinate system is the grid system that is to be used on
the project. The state plane system is used by most projects,
but latitude/longitude, universal transverse Mercator, or a
local coordinate system may be used.

Standard American units or metric units should be selected as
early in the project as possible. Conversions are possible, but
converting a large 1-foot contour map to meters is no trivial
matter.

Remember that when using several sources of location data,
the reference datum must be known. Systematic differences
in location data are generally due to mixing datums.

Location and general maps are oriented with north at the top
of the page. Detail maps forater conveyance or storage
structures are oriented for water movement to the top or to
the right of the page. Railroad and highway location maps
are oriented according to the practices of the organization
involved. Every map has a north arrow.

Location maps should show all established transportation
routes and communities adent to the area under
consideration. Reservoir maps should show all major
constructed fixed facilities including but not restricted to
railroads, highways, pipelines, canals, telephone lines, and
powerlines; buildings, mines, cemeteries, reservoirs, and
wells. Also, the type and kind of plant cover should be
shown. Detail maps, in addition to showing the above
features, should show rock outcrops, talus, recognizable
landslides, waterways, survey monuments and benchmarks;
and section, township, and county lines.

For specifications, a map is required showing the extent to
which right-of-way will be acquired for the structure
involved. The map should show property lines and
ownership of individual areas.

Site mapping studies for major engineering features
should be performed within an approximate 5-mile
radius of the feature, with smaller areas mapped for less
critical structures. These studies consist of detailed
mapping and a study of the immediate site, with more
generalized studies of the surrounding area. This
approach allows an integration of the detailed site
geology with the regional geology. The overall process
of site mapping is a progression from preliminary,
highly interpretive concepts based on limited data, to
final concepts based on detailed, reasonably well-
defined data, and interpretation. This progression builds
on the previous step using more detailed andllysu
more expensive methods of data collection to acquire
additional and better defined geologic information.
Typically, site mapping is performed in phases:
(@) preliminary surface geologic mapping; and (b)
detailed surface geologic mapping, and construction
geologic mapping. These phases are roughly equivalent
to reconnaissance (or preliminary), feasibility, design,
and construction geology mapping. Aitesmapping
studies begin with preparation of a preliminary surface
geologic map which delineates surficial deposits and
existing bedrock exposures. The preliminary surface
geologic map is then used to select sites for dozer
trenches, backhoe trenches, and drill holes. These
explorations provide data for the present and later
mapping phases. Surface geologic maps are then
reinterpreted based on the detailed surface and
subsurface data. If required, detailed subsurface
geologic data are also obtained from exploratory shafts
and adits. The later mapping phases are generally the
same but become more detailed and specific for the
project.

2. Documentation.—Site data are documented on

drawings (and associated notes) generated during the study.

b. Site Geologic Mapping.—Engineering geologic
mapping is done in two phases, mapping prior to

The drawings fall into two general categosi@grking
drawings and final drawings. Working drawings serve as

construction based on study levels, and mapping durindools to evaluate and analyze data as they are collected and
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to define areas where additional data are needed. Analysis
of data in a three-dimensional format is the only way the ge-
ologist can arrive at an understanding of the site geology,
and it is critical these drawings be generated early in the
study and continuously updated as the work progresses.
These drawings are used for preliminary data transmittals.
Scales used for working drawings may permit more detailed
descriptions and collection of data that are not as significant
to the final drawings. Final drawings are generated late in
the mapping program after the basic geology is well
understood. Although working drawings may be finalized,
many times, new maps and cross sections are generated to
illustrate specific data that were not available or well
understood when the working drawings were made. These
drawings serve as a record of the investigations for special
studies, specifications, or technical record reports. Site
mapping documentation is developed in phases: preliminary
surface geologic mapping and detailed surface geologic

mapping.

Preliminary surface geologic mappirgThe purpose of
preliminary surface geologic mapping is to define the
major geologic units and structures in the site area and
the general engineering properties of the units.
Suggested basic geologic maps are regional
reconnaissance maps at scales between 1 inch =
2,000 feet and 1 inch = 5,280 feet (1:24,000 to
1:62,500) and a site geology map at scales between
1linch = 20 feet and 1 inch = 1,00€ef (1:250 to
1:12,000). Scale selection depends on the size of the
engineered structure and the complexity of the geology.
Maps of smaller areas may be generated at scales larger
than the scale of the base map to illustrate critical
conditions. Cross sections should be made at the same
(natural) scale (horizontal and vertical) as the base
map’s scale unless specific data are better illustrated at
an exaggerated scale. Exaggerated scale cross sections
are generally not suited for geologic analysis because
the distortion makes projection and interpretation of
geologic data difficult.

Initial studies generally are a reconnaissance-level
effort, and the time available to do the work usually is
limited. Initially, previous geologic studies in the
general site area are used. These studies should be
reviewed and field checked for adequacy, and new data

global-positioning-system (GPS) location of surface
geologic data can be done if survey control is not avail-
able. Good notes and records of outcrop locations and
data are important to nimize re-examination of
previously mapped areas. Photography is a highly
useful tool at this stage in the investigation, as photos
can be studied in the office for additional data. Only
after reasonably accurate surface geology maps have
been compiled can other investigative techniques such
as trenching and core drilling be used to full advantage.
For some levels of study, this phase may be all that is
required.

Detailed Surface Geologic MappirgThe purpose of
detailed surface geologic mapping is to define the
regional geology and site geology in sufficient detail
that geologic questions critical to the structure can be
answered and addressed. Specific geologic features
critical to this assessment are identified and studied, and
detailed descriptions of the engineering properties of the
site geologic units are compiled. Project nomenclature
should be systematized and standard definitions used.
Suggested basic geologic maps are similar to those done
for preliminary studies, although drawing scales may be
changed based on the results of the initial mapping
program. Maps of smaller areas may be generated to
illustrate critical data at scales larger than the base
map’s scale. The preliminary surface geology maps
are used to select sites for dozer trenches, backhoe
trenches, and drill core holes. As the surface geology is
better defined, dlif hole locations can be selected to
help clarify multiple geologic problems. Detailed
topography of the study site should be obtained if not
obtained during the initial investigations. Data
collected during earlier phases of investigations should
be transferred to the new base maps, if possible, to save
drafting time. Field mapping control is provided
primarily by the detailed topographic maps and/or GPS,
supplemented by survey control if available or
Brunton/tape survey. If not, small scale aerial
photographs of the site area flown to obtain detailed
topography are useful in the geologic mapping.

2-23. Logging of Exploratory Holes

a. Location of Holes.—The initial holes drilled or

should be added. Initial base maps usually are generategikcavated in an area are usually to clarify geological
from existing topographic maps, but because mostconditions. Therefore, the location is governed primarily by
readily available topography is unsuitable for detailedthe geology; the final holes are drilled or excavated

studies, site topography at aitable sale should be

primarily for specific geology or engineering purposes and

obtained if possible. Existing aerial photographs can beare located on the basis of the engineering structure to be
used as temporary base maps if topographic maps arsuilt. Holes are also drilled or excavated both to establish
not available. Sketch maps and Brunton/tape surveys othe form and shape of a geologic unit and to examine the
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character of a geologic discontinuity. Although it is Normally, test hole numbers are prefixed with a one-, two-,
desirable to locate holes so as to satisfy as many of thessr three-letter designation to describe the type of
requirements as possible, nsetimes, these respective exploration. The following prefix system is commonly
requirements are contradictory and separate holes arased.

required. From an engineering standpoint, holes that

bracket a condition are more desirable if other design DH Drill hole
requirements provide sufficient flexibility so the structure's AH Auger hole
location can possibly be moved to avoid an unfavorable AP Auger hole, power
condition. From a geologic standpoint and for those TP Test pit
engineering situations where the questionable area cannotbe TT Trench
avoided, holes in questionable areas are preferable. DT Dozer trench

PT Pitcher sampling hole
Every hole drilled or excavated should be definitely located DN Denison sampling hole
in space. The hole should be tied either to the coordinate HS Hollow-stem auger hole
grid system and have a coordinate location or be tiedtoa CH Churn drill hole
location in some other satisfactory manner such as stationing VT Holes in which field vane tests are made
or section ties. The elevation at the top of each borehole CPT Cone penetration holes
should be established by survey or reliable global MP Pressuremeter holes
positioning system. Coordinates and elevation of an DM Dilatometer holes
exploration hole or trench should refer to the center of the BS Borehole shear test holes
excavation. However, if more than one log is required to SPT Standard penetration test
adequately describe the materials in a trench, the coordinates BPT Becker penetration test

and elevations of each log should be supplied. The direction
of the longitudinal axis of trenches should also be indicated.In the above designations, DH is used to include not only
Any hole drilled or excavated should be logged for the full rotary drilling, but also all the methods of hole advancement
depth of hole. If, for any reason, a portion cannot bethat produce core or relatively undisturbed samples, in
logged, the interval nobyged should be recorded along contrast to the AH or AP holes that produce highly
with an explanation stating the reason for omission. Thedisturbed samples and CH holes that produce only cuttings
bearing and angle from horizontal of angle holes must beand no samples. The CH designation should be used for all
reported. types of holes advanced by a chopping and washing action
such as wash borings, jetting, or percussion drilling. The
b. Identification of Holes.—To ensure completeness of TP designation includes both hand- and machine-excavated
the record and to eliminate confusion, test holes shouldest pits. Similarly, the T designation includes open
normally be numbered in the order of excavation, and thdrenches whether made by hand or machinery.
series should be continuous through the various stages of tHeomputerized logs may require a special prefix designation.
work. If a hole is planned and programmed, it is preferableRegardless of the prefix system used, somewhere in the data
to maintain the hole number in the record as "not drilled" orreport and on the specifications drawings, a complete
"abandoned" with an explanatory note rather than reuse thexplanation of the prefix system used should be included.
hole number elsewhere. However, it is permissible to move
the location of holes short distances and to retain the c. Log Forms.—A log is a written record of data and
program number where such moves are required by locabbservations concerning materials and doos
conditions or by changes in engineering plans; but newencountered in individual test holes and provides the
coordinates and elevation should be established andundamental facts on which all subsequent conclusions are
recorded. When explorations cover several areas, such dmsed, including:
alternative sites and borrow areas, a new series of numbers
should be used for each site or borrow area. The favored e additional exploration or testing,
practice is to begin excavation numbering of each new area e feasibility of the site,

explored at an even hundred.ed@nt practice has been to e design treatment required,
include the year of drilling in the hole number (i.e., DH-92- e cost of construction,
201). e method of construction,
e evaluation of structure performance.
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may: e The date that measurements are made should be
recorded, since water levels fluctuate seasonally.
Water levels should be recorded periodically from the

represent pertinent and important information that is

used over a period of years, time water is first encountered and as the test hole is
be needed to accurately determine a change of deepened.

conditions with passage of time, e Upon completion of drilling, the hole should be
form an important part of contract documents, bailed and allowed to recover in order to obtain a true
be required as basic evidence in a court-of-law in water level measurement.

Perched water tables and water under artesian
pressure are important to note.

case of dispute.

Each log should be factual, accurate, clear, and complete. e The extent of water-bearing members should be

In addition, logs can contain basic interpretations of the noted, and areas where water is lost as the boring

geologic nature of the materials encountered. Log forms are proceeds should be reported, since subsequent work

used to record and provide required information. on the hole may preclude duplicating such
information.

A log should always include information on the size The log should contain information on any water tests

of borehole and on the type of equipment used for made.

boring or excavating the hole. This should include: Since it may be desirable to obtain periodic records
of water level fluctuations in drilled holes,

- the kind of drilling bit used on boreholes, determination should be whether this is required
- samplers used, before plugging or backfilling, and abandoning the
- a description of the penetrating equipment or exploratory hole.

type of auger used, e Hole completion data.
- method of excavating test pits, or
- description of the machinery used. Detailed guidelines for logging exploratory holes are in the

Engineering Geology Field ManuaJ20]. Numerous
The location, eleation, and amount omaterial training manuals are available and should also be consulted
collected for test pit samples should be indicated onso uniformity in logging and reporting data is maintained.
the logs. These guides provide a common framework for presenting
In boreholes, the length of core recovered should bedata. Some variation in log format is possible, because the
computed and expressed as a percentage of eadhformation gathered should be tailored to project needs. A
length of penetration of the core barrel (percent corereview of current procedures is presented in the following

recovery). sections.
Depth from which the sample was taken should be
recorded. Examples of logs of two types of exploratory holes are

The logs should show the extent and the method ofdiscussed below:
support used as the hole is deepened such as:
1. Geologic Logs of Drill Holes.—Geologic logs of

- size and depth of casing, drill holes Log forms 7-1337 and 7-1334 (figs. 2-66 and
- location and extent of grouting if used, 2-67), were developed for percolation and penetration
- type of drilling mud, resistance testing. These forms are suitable for logging all
- type of cribbing in test pits. types of core borings which produce relatively undisturbed
samples. The forms are often modified to present

Caving or squeezing material should be noted oninformation for many other types of drilling and sampling.

borehole logs as this may represent a low strength oDrill hole logs are also prepared using several types of

swelling stratum. computer generated log forms. Regardless of how the form
is configured, each must have five areas for presenting

Various water levels should be recorded and water testsequired information. The five required sections are:
made at pertinent intervals (i.e., the following):

e Heading block
Information on the presence or absence of water e Left column for notes
levels, and comments on the reliability of these data
should be recorded on all logs.
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e Center column for summary data of testing, results of other types of testing such as undisturbed
sampling, and lithologic information sampling with in-place dry density determiions and in-
¢ Right column for describing physical condition and place testing such as vane shear or borehole shear tests.
description of samples or material retrieved from the Columns for noting core recovery, and locations and depths
hole of lithologic contacts aid in visualizing geologic conditions
e Bottom section for any explanation or notes requiredand are included in the center portion of the log.
Information on sampling intervals should include, at least,
Examples of a percolation test log and a penetratiordepths of sampling and, if space permits, graphic or tabular
resistance test log are shown on figs. 2-66 and 2-67. Thedaformation on sample measurements such as in-place dry
figures illustrate the type of information to be included in density. This information aids designers in selecting
the log. The following outline shows the five sections of the samples for testing.
log:
Comments and Explanatior{bottom portion):
Heading The top portion of the log provides Notes as to abbreviations and other miscellaneous references
space for identification information pertaining to project, such as deck elevations should be shown in this area. Dates
feature, hole number, location, elevation, bearing, dip,and filenames, and dates of any revisions related to
inclination, start and completion date, and the names otomputer data bases should be recorded.
persons logging and reviewing. This information is

mandatory. Classification and Physical Descriptio¢right
column): An accurate description of recovered core is
Drilling Notes Column(left column of drill log): provided here and includes technically sound interpretations

of nonrecovered material conditions.
A. General Information

1. Purpose e In areas of no recovery, it is frequently possible to
2. Drill site and setup infer conditions based upon drilling action and
3. Drillers cuttings return.
4. Drilling equipment (rig, rods, barrels, bits, e Rockbit intervals and characteristics of return
pumps, and water test equipment) materials should be described.
e Geologic interpretations to delineate major lithologic
B. Procedures and Conditions units are included in this column.
1. Drilling methods e Rock or soil cores or samples should be described as
2. General drilling contlons and drillers comments completely as possible.
3. Drilling fluid use, return, color, and losses
4. Caving conditions Soil classificationsare determined using the
5. Casing record Unified Soil Classification System as described in USBR
6. Sample interval comments and any unusual5000 and 5005. Soil descriptions on test pits are discussed
occurrences during sampling immediately following this subsection. Soil classifications
7. Cementing record and descriptions for the drill log's right column are the same
as those for test pits, except for describing the in-place
C. Hole Completion and Monitoring Data condition which is not included for soil cores. The Unified
1. Borehole survey data Soil Classification System (USCS) symbol for soil recovered
2. Water level data from drill holes also can be shown in tabular form in the
3. Hole completion, backfilling, and instrumenta- center column of the log.
tion details
4. Reason for hole termination Guidelinesfor logging rock cores are given in
5. Drilling time detail in chapters 4 and 5 of tkagineering Geology Field
Manual [20]. In general, classifications include

Summary Informatiorfcenter column): As shown on determination of a rock unit name based on lithologic
the example logs, this portion of the log is used tocharacteristics followed by description of structural features
summarize drilling, lithology, testing, and sampling results. of engineering importance. The suggested content for word
The most common tests performed are percolation tests atescriptions is listed below:
penetration resistance tests for which the forms are
designed. Center column is often modified to present
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Figure 2-66.—Example geologic log of a drill hole.

192



CHAPTER 2—INVESTIGATION

STANDARD PENETRATION TEST HOLE NOQ.  OH-400 scEr. ... oF 3
PROJECT EXMOLC FEATURE EXAMPLE AREA. EXMPLE. STATE EXAMRE
CODRDS, W 10653 E.. Jooox. GROWUMD ELEY. . ... .. E742.%  ANGLE FROM HOR1Z 90.0  DOWN
BEGUN . 05-16-8%  FINISHED 06~ 19-B4 _ DEFTH TQ BEDROCK 80.% TOTAL DEPTH. . ... .. .| RO BEARING . L
DEPTH TO WATER . SEE NOTES __LOGGED BY. . fee D . RFEVIEHED By JANEDDE L
- STANDARD PENETRATION TEST " ‘L"“'”‘\‘L"
S AOCRIGHATION E€-21, [EaATH MANUAL | r] n go
e = Fi -
= w —w . g 1o & z CLASSIF IEATION AND
NOIES 23| =% | z% BLOWS PER FQOQT s EE R PHYSICAL COMDITIDN
o - - L
23 55 gf 190 LB, vawer-30 v orom | B2 | ER G 2E | BF
= L
| 3 2 @ 20 38 w0 o “ M &
PURPOSE & T o ol 0.0 236.% QUATERMARY LACUSSTRINE SEDIFENTS QL P
FOUMDAT L I MY - r h|
ATTON T PG - 1 0.0.5,0: ROCK BIT INIERVAL: LEAK 19 FAT CLAY
FLANT ~%- H q Wl R GRGANIC MATERIAL . VEGATATIOM AND ROOTS .
—— - 67375 DESERIPTION BASED ON DRILL (NG COHDITION AN
DRILL EQUIPHENT: | = | 4 [Pl . | CUTT INGS AL FURK
MOUNTED DAL B IH [ ] 5.0-8.5 SPI SAHPL
LL B 0-6.%:
BEAN 20 HATER PLMP s 1 % 0-5°B: LEAM CLAY ICL1: APPROX. BST FIMCS
— - 1o WITH MEOTUM PLASTICETY, MEDIUN TOUGHNESS.
DRILLER: | 90 | 10 [B.7 . 1 1 HiGH DAY SIHENGTH: %, P5%_PREDOH INANTLY
JACK DOE s k FINE SAMCE MAKIMUM SIZE . COMISE L WK
[ - REAC T TR HITH HOL {57, Ik, F [RH,AOMO-
DRILL IHG HETHOD: . GENEOUS. ROOTS ANO ORGANTC MATERIALS PRESEWT
0.0-80.%FT; —— - E
DRILLEG WiTH 2-7/8IN 9 3 (34.3|» - 4 B E.5: FAT CLAT rCHI: APPROX. 85I FIMES WITH
TRICOME WOLLER ROCK - . HIGH PLASTICITY. HIGH TOUGNESS. VERY NIGH
BIT USING BEHTON| TE H : Y SIREMGIH: APPROX, ST PREDON | NAMTLY F IR
TER 45 DRILL IHG s - DA T SI7E. FINE GAND: WEAK REACTION
FLUIE MITH 50 56 ] - oen ] HITare. ~ palsr. aN. FIRNT10 SOPT. Horo-
L ¥ISCOSITY i~ ?2 [34.3|» - L DEMEOWS . SOME RDOES PRESEN
PEFOAMED SAT S APPRD: - E
5T INTERVALS - . 6.5-10.0: ROCK @11 INTEAVAL: 51LTS aMD CLAYS,
A L-3/BIN |0 SPLIT s 4 DESCHIPT DN BASED OW DellLL ING COMDITION AND
BARREL th - ] CUTTINGS RE TR
b s.u'?;m :#g = * 1 [as.6p L i 10.0-11.5: SAT SAHMPLE
T H r .o- B-H
1TOIAL MASS 238 LBM) F 1 CUAYEY SILT (he-£11: AFPROX. SO FINES HITH
TIH Hk - 1 LOW PLASTICEIY, iDW TOUGHNESS. LOW DAY
] VAHCED 0N f—— 1 - 30 SIRENGIH: APPROX . |03 PREDOMINANTLY F [ME SAHD
5T INTERVALS + DLLIOM- *+ 0 |46.4 I b HAXIMUM SIZE. FIHE SAMD; WEAK REACTLOM WITH
THG SPT°5 AND CLEAMED H 1 WCL. - MOISID GAET, SOFT, LAMIMATED
QUT WITH ROCK 8T - b
SAMPLE INTERVAL MOTES: — - y 11.5:15.0: AOCK BIT INIERVAL. LEAN 10 FAT CLAYS
ML 11 [27.7 . - o I BASED O ORTLLING CONDITION AND CUTTINGS
TATne Eara THEGIGH F ] ' RETUR
sl AL s
LZFT OF THE SEATING - 1 15.0-16.5: SAT SAHPLE
INTERVAL UMDEA MEIGHT  |—— | w0 57075 CEAM T FAT CLAY CEL-CMY:
OF HAMMER AHD [ o | 21 8.4 . 1 E HITH HEDILM [0 WigH PLASTICITY. DTN Fo HIGH
[ FESS, VERT HIGH DRY STENGIH;
a0.0-21,% 1 DRILL L 1 PE DM NAR LY F SAE: Haxtmn size ¥ i
STAIMG SAMK 0, 7FT + 1 GAND WEAK RCACTION WITH MCL . - WEF. GREY-TAN.
TLROUSH DRIVE| INTCA o 22 Faz.s . F B SOF 1, LAMINAFD
¥aL .0, LNOER ROCS + F -
WD O SFT UNDER RODS F 1 16.5-20.0 ROCK BIT [MIERVAL: LEAN T0 FAT CLAYS.
F 1 DESERIPTIOM UASED ON DRILL MG COMDTTI0H AND
r 1 CUl T INGS R TN
,0- T bRICL ——t b oso o
STRING GAMK | 271 LI} 17 [28.5 . b 1 20.0-21,8: SP1 SamPLi
THROUGH DRIVE IMTER- - Fii CLAT (0M1: APFRON, (00T F(HES WiTH fI0W
VAL 0. 4F T-A00S. 0. BF | - 1 PLASTICIIW, HIGH T L VERT MIGH DRY
ROOS AMD HAMFER, - 1 SIRENGIN; WEAK REACTION WITH HCL. - WET. GAEY.
DRILL ING OIS IuRgANCE Fm] v o5 213 . - e VERT SOF L TD SOF . LAHINAIED
Al K KN . [ ]
- . 21.5-75.0: RBOCK BIT INTERVAL . FAT CLAYS. VERY
0.0-31.771: DAILL - St BscRIPTION RASED O DAILL 1NG CONTHETIEN
ETRING SM 1T X F o 3 AND CUTT INGS RE TUHN
Bc;m'a qm: 1,1 Be 14 [28.4 . - 1 #5.0 #65.5: SPT GAMPLE
HAMER. DRILL NG - 1 TAT CLAY 101 APPROX. 100% FINS HETH G
DiSTRUBANEE ROT - E P1ASTICLIY, HIGH IDUGIIESS, YERY HIGH DR
« - 1 SIRENGTH: u'n(rwni:‘:m HiinweL. " VRr et
— 4 - B GREY, WIMY SOF T, L
35,0369 T: GHEVEN B2 |*50/1.3 23. 3 ]
PENETAATION. ZELOWG IN : ] 26.5-50.0: ROCK HIT IMTERVAL: FAT CLAYS, VERY
0.%-1.0FT_INT.. 980 8 : SOF T, BASED ON DFTELL ING COMDITIDN AMD CUTT!NGS
INT, 0= BFT INT.PLKE - " B 1 I TURN
TRAT1oN DECREASED 4T o] *50/1.4 24.3 - v 0.0 81 te wr c
! | - FAT CLAY iCH): APPROX. 100t FIMES WLt ik
wa 0-wE. % 1: UNEVEN - . FLASTIC1 1Y, MIGH TOUGHMESS, YERY HIGH MR
PENE TRAT | OM-BELOHS. [N 3 GIRTNGTH: WAK REACTION WITH HEL. - VERY MET,
931007 T 2T l—a— *50/. 4 - E GREY-BLACK. YEAT BOF [, HOMOGEHEOUS
s 1 -l - b
T tr [hat idn De- H { A1 $5.0: RQCK AIT [MICAYAL : FAT CLAYS, VERY
CREASED A | IFT - 4 SOF1-HIGH PLASTICI I, HASED ON DHELL ING
- 1 COWOITIfe b EUT T ErSs RE EORM.
w.o-wéﬂfmh[g :-E:nor —+*10/.1 Sl .0 3.0: SPT GAMAE
[ ] - .
BT PLOGOED Wi T . E 3, LO: FAT COAY (CHI: APPROX. 00T F (NS
SAMD POSS BLE UMREL Ik - § Wi THE HIGH PLASEECITY. HIGH TODGHNESS. VENY
BCE N VALK s ] HIGH Dree IR I HEAK AEACTION WITH Gy
- E WET. G- TAK. AR .t AMINATLD. H0 s s
.0-66.31: RUACHED t
o T he DRI b GG WG CLATLY SAMD GO APPRON. YL 1 1M
INTERYAL AT 1,401, F 1 T MIDIUM. GARD, SUBMNOLL AR SANIT, APIRON DY
B BLONS M SEATING B 1 FOMl e WITEE G P AST IO IY, HIGH TOLGIR GG,
INTERVAL . 25 BLOWS - owo BEGH DRY SIDUNG G MAXIMN SIZL. COXE D
1N 0. 5-1 0FT,20 - 4 WA, TEACTIOM W THE 1L SE. LMY, LF NS
BLOWS (M 1.0 1.1 s MOMOGLNE G, | NS CONTLNT TR
CAI¥ING IN GRAVILS - 1 CONTACE . P90 5 TLRE
(0-T1.20T: STOPPED- - b
TL4T AFFER S0OLOMS. - E B h Bw: OUATEFRART ALL WY ILM AL |
SIBLE JETTING B]5- s
T ORBAnCE T8 BLons 1R - 1 Nt WDLD KK AL INPUAL s L RTEY TG
COMMENTS: [ XPLANAT | OHS :
TMENE PO M WALIN, SELC HOTES COLUPH DLOWS/FOOT  RECORD NUMEF H O D0OWS NFGUIN D FUit ONE FOO" OF i1
soHCXD PO MOISJURE . SED CLASE DESCRIPIION DOLLAH IF B0 BLOWS AFSULE TN LES AN DL TDOT O PLND THA 30
THCL 855 -0ESLHIRT 10N COLLHIK [NDICATES DESCAIP- RTCORD DEFER PERE PRATCIT, Tod%, il INILATES 0,9 - 300
TIDN OF IMPLACE COMETITION WILL TOLLOM FURE TOATELD W1 TH 0 48 (S,
THT= [T VAL
R CROUMD SLRFACE

Figure 2-67.—Subsurface exploration—penetration resistance and log—example.
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e Rock hame— Reclamation investigations of soils for construction require
e Lithologic descriptors— Such as texture, grain size classification and description in accordance with the USCS
and shape, color, porosity and other physical as describedin USBR 5000 or 5005. Guidelines for logging
characteristics of importance. test pits are given in Reclamation training manuals [70] and
 Bedding/foliation/flow texture- Such as thickness of in theEngineering Geology Field Manuf0]. Procedures
bedding, banding, or foliation including dip and for obtaining disturbed samples from test pits, trenches,
inclination accessible borings, and tunnels are given in USBR 7000.
 Weathering/alteratios- Use the standardized series Procedures for obtaining disturbed samples from auger
of weathering descriptors. Also, describe other holes are given in USBR 7010.
forms of alterations such as air slaking upon exposure

to air. The log form (fig. 2-68) has a heading area at the top and a
 Hardness— Use standardized descriptors. remarks area at the bottom. The body of the log form is
« Discontinuities— Describe shears, fractures, and divided into a series of columns to include the various kinds

contacts. of information required. Columns are for: classification

group symbol; classification and description of material; and
- Note attitude, spacing, and roughness of the percentage of particles larger than 75 mm (3 in) by
bedding, foliation, and fractures. volume.

- Use standardized fracture density descriptors and

characterize fracture frequency and Rock Quality Information under the heading is required. Spaces are
Designation (RQD). provided for supplying information such as project, feature,

Describe shears and shear zones in detail,h°|e number, location, elevation, dates started and
including all matrix materials present such as completed, and the name of the person responsit_)le. Depth
reworked material in the shear zone. to bedrock and to water table (free water) are important

information and should always be reported. The date when
The empirical water level was measured is very important information, as

water levels can change seasonally. When this or any other
information called for on the log cannot be obtained, the
r{érgasons must be stated on the log or on other supporting

ocuments.

e Specific information for design.
ground support (Q and RMR) calculations and the
erodibility index utilize specialized parameter3he
need for these parameters should be determined at t
start of explorations.

The recommended format for word descriptions (on boringm the column for classification and group symbol,

logs) is one of the main headings describing Iithologicinformaltion such as group symbol, depth intervals logged,
groups, followed by indented subheadings and textand samples taken are recorded. The system allows for

describing important features of the core. Examples Otmodlﬂcatmn of the group symbol with either prefixes or

classifications and physical descriptions for rock loggin are‘.:'UfﬁXes to further describe the soil (Annex X-5, USBR
L phy P 9ging 5000). An example is shown on figu2e68. The group
shown in figure 2-66.

symbol GW (well graded gravel) is modified by suffised

. : which indicate that sand, cobbles, and boulders are present
, 2. Log of Test Pit or Auger Hole.—As _shown N toa significant extent in the sample. According to USBR
figure 2-68, Form 7-1336-A is used for logging test pits, 5005, the typical name for the strata €W GRADED
auger holes, and other excavations, such as road CUt$sRAVEL WITH SAND. COBBLES. AND BOULDERS.
through surficial soils. Predominant use of this form is for \yhije this system of abbreviations is useful for geologic
construction materials investigations and investigations fordrawings of borrow areas and trenches. considerable
line structures such as pipelines and canals. This form igqgitional information is contained in the word descriptions,

suitable for all types of exploratory holes which produce 54 gecisions should not be based on group symbols alone.
complete but disturbed samples. Itis used for logging auger

holes where disturbed sampling is performed following |, the right column of the log, the amount of oversize
USBR 7010. Other exploratory drill holes advanced by material [particles > 75 mm (3 in)] by volume is either
rotary drilling methods are reported on drill hole logs estimated by visual inspection or calculated by determining
discussed in the previous subsection. the mass of the oversize. At this time, a detailed procedure

_ o _ _ for determining the mass of oversize has not been
Detailed guidelines for logging test pits and auger holes argjeveloped. In test pit operations, it may be advisable to
available to provide consistency in data presentation.screen all material from the pit and determine oversize
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7-1336-A (1-B6)
lturean of Reclamatiom LOG OF TEST PIT OR AUGER HOLE HOLE NO. - n———
FEATURE . PROJECT
AREA DESIGNATION GROUND ELEVATION
COORDINATES N E METHOD OF EXPFLORATION
APPROXIMATE DIMENSIONS LOGGED BY
DEPTH WATER ENCQUNTERED 1/ DATE DATE({S} LOGGED
% PLUS 3
CLASS::(;C»:TION (BY vOLUME]
LA
SYMBOL CLASSIFICATION AND DESCRIPTION OF MATERIAL 3- 1 5. JrLus
] 12
{describe SEE USBR 5000, 5005 Bl
sample 1aken] in in in

{GW)sch 0.0 te 7.4 ft WELL-GRADED GRAVEL WITH SAND, COBBLES, AND
BOULDERS: About 70% coarse to fine, hard, subrounded gravel;
about 30% coarse to fine, hard, subangular %sand; trace of

fines; no reaction with HCI.

TOTAL SAMPLE (BY VOLUME): 22% 3- to 5-inch hard, subrounded 22 |14 | 2
cobbles; 14% 5- to 12-inch hard, rounded cobbles;
2 percent plus 12-inch hard, subrounded boulders; remainder

minus 3-inch; maximum dimension, 400 mm.

IN-PLACE CONDITION: homegeneous, dry, brown

GEQLOGIC INTERPRETATION: alluvial fan
7.4 ft

REMARKS.

SOIL WITH MEASURED PERCENTAGES
0f COBBLES AND BOULDERS

GPO B4AT-368
1/ Aepart 10 nearest 0.1 faot

Figure 2-68.—Log of test pit or auger hole—abbreviated soil classification group
symbols for soil with cobbles and boulders.
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percentages by sorting over screens or templates and e remarks, and
determining the mass of each size range. The procedures e reaction with dilute solution HCI acid.
used for determining oversize by mass should be included
in the construction materials or geologic reports. Once thdf oversize is present in the logged strata, the next paragraph
mass is determined, it can be converted to volume byof word descriptions consists of describing the total sample
procedures described in USBR 7000. If oversize isby volume. The estimated percentages are ghatng
determined by mass, the volumes are reported to the nearestth a description of the cobbles and bouldeasd the
percentage as shown on figure 2-68. If the volume ofmaximum size present. Noting the presence of oversize on
oversize is estimated visually, report percentages to theest pit logs is extremely important. If only a trace or more
nearest 5 percent. If oversize is present, their presence f oversize is present, it must be included in the typical
included in the log by adding to the typical name, and thename. If the percentage of oversize (by volume) is less than
particles are described as shown on the example 060 percent of the total volume, the characteristics of the
figure 2-68. oversize are described in a separate paragraph following
description of the minus 75-mm (3-in) fraction. If the
The "Remarks" section of the log is for comments on thepercentage of cobbles and/or boulders, by volume, exceeds

overall excavation or drilling. Information includes: 50 percent of the total material, the dmterigics of the
oversize are described in the first paragraph; the term
e reason for stopping, cobbles and/or boulders is predominant in the typical name,
e details on equipment used, and no classification symbol is assigned.
e details on instrumentation,
e legend for abbreviations, and An additional paragraph is added to the word descriptions if
e any miscellaneous comments. access is available to evaluate the in-place condition of the

soil in an undisturbed state. In this case, reporting of
Terminating statements similar to the following would be moisture, color, and odor is omitted from the first paragraph

considered satisfactory: and replaced with a more detailed description in a following
paragraph. In this additional paragraph, information

e hole eliminated due to lack of funds, includes the following items in order of presentation.
e hole caved in (include depth to cave),
e depth limited by capacity of equipment, e consistency (fine grained soils only very soft,
¢ hole terminated at predetermined depth, soft, firm, hard, and very hard
e encountered water, and e structure — homogeneous, stratified, blocky,
e unable to penetrate hard material in bottom of hole. fissured, laminated, etc.

e cementation (coarse-grained soils only)
Material should not be described as bedrock, slide material, e moisture, color, and odor
or similar interpretive terminology unless the exploration e remarks
actually penetrated such conditions, and samples were
collected to substantiate these conclusions. If rock isAn additional example of in-place condition descriptions is
exposed at the base of a test pit, it can be logged accordingjven on figure 2-69.
to guidelines in th&ngineering Geology Field Manual
Careful attention must be given to reporting when and where
The classification and description portion of the log can varysamples are taken and when laboratory testing was
depending on the type of excavation, type of testingperformed. If samples are taken, it should be noted in the
performed, and the materials encountered. For disturbeteft column of the log as shown on figure 2-69. A detailed
soils, such as materials from power auger holes ordescription of how the sample was taken must be added to
stockpiles, all the information is in a paragraph as follows:the word description. In many cases, disturbed sack
samples are taken by cutting a vertical strip of soil through
e depth of strata, the interval being classified. If a sample is taken which
e USCS classification group name, does not match the full interval logged, describe the exact
e percentages and descriptions of the size fractiondocation of the sample.
present (gravel, sand, and fines),
e maximum particle size, In cases where laboratory testing is performed for
e moisture, color, and odor, classifying the soil, this information must be as shown on
the test pit logs. The ability for a classification to identify
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TOLAMA LER)
Horesan of Keclimutom J LOG OF TEST PIT OR AUGER HOLE HOLE MO, —_—
FEATURE . Example [ PROJECT
AREA DESIGNATION e GROUND ELEVATION. R —
COORDINATES N E METHOD OF EXPLORATION
APPROXIMATE DIMENSIONS LOGGED BY
DEFPTH WATER ENCOUNTERED 1/ DATE DATE(S) LOGGED
% FLUS 3 in
cLassiFicaTioN R i
SYMBOL CLASSIFICATION AND DESCRIPTION OF MATER{AL 3. 5. leLus
{describe - 5 12 | 12
sample taken) SEE USBR 5000, 5005 - i -

CL 0.0 to 4.2 ft LEAN CLAY: About 90% fines with medium
plasticity, high dry strength, medium toughness; about

three 10% predominantly fine sand; maximum size, medium sand:

sack strong reaction with HC1.

samples | IN-PLACE CONDITION: Soft, homogeneous, wet, brown.

Three 50-1bm sack samples taken from 12-inch-wide sampling
trench for entire interval on north side of test pit. Samples

mixed and quartered.

4.2 ft
{5C)g 4.2 to 9.8 ft CLAYEY SAND WITH GRAVEL: About 50% coarse
to fine, hard, subangular to subrounded sand; ahout 25%
block fine, hard, subangular te subrounded gravel; about 25%

sample fines with medium plasticity, high dry strength, medium
toughness; maximum size, 20 mm; weak reaction with HCI.
IN-PLACE CONDITION: homogeneous except for occasional
lenses of clean fine sand 1/4 inch to 1 inch thick,
moist, reddish-brown.

12- by 12-inch black sample taken at 6.0 to 7.0 ft

depth, at center of south side of test pit.

9.8 ft

REMARKS:
TEST PIT WITH SAMPLES TAKEN

GFC f49-16f
1/ Raport to naerest 0.1 fool

Figure 2-69.—Log of test pit or auger hole—in-place conditions and sampling.
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and describe soils is learned under the guidance ofmportantto construction. For example, topsoil is normally
experienced personnel and by systematically comparingstripped and stockpiled in consttion operations. In this
laboratory test results with visual classifications. On newcase, the log should clearly show the interpreted strata
projects, laboratory tests are sometimes used to "calibratethickness and heading for topsoil present. An example
the visual classifier when working with unfamiliar soils. follows:

However, visual classification is based upon total material
observed and that laboratory -classifications must be

. . . ., Classification symbol Description
performed on representative materials for comparison with
the visual information. In many cases, borrow area TOPSOIL 0.0 to 2.6 ft TOPSOIL—would be
investigations will have a certain proportion of laboratory classified as ORGANIC SOIL
classifications to visual classification as verification. (OL/OH).

About 90% fines with low plasticity,

However, on large projects, it is not economical for all the .

PR slow dilatency, low dry strength, and
clas;_smcatlons to be based solely upon results of laboratory low toughness; about 10% fine to
testing. medium sand; soft, wet, dark brown,

organic odor, roots present
When the soil classification is based upon laboratory data, t:gughout strata, weak reaction with

this must be clearly stated and distinctly noted on the log
Particle-size percentages are reported to the nearest

1 percent, and information on Atterberg limits, coefficients

of uniformity and curvature are reported on the test pit log. Other material types that may be important to distinguish for
Under the left column group symbol, the group symbols aredesign and construction operations may be drill pad, gravel
noted as being obtained through laboratory classificationroad surfacing, mine tailings, and fill or uncompacted fill.

If laboratory classification tests are performed, and resultdf @ certain soil feature requires a special description for
of visual classification are also reported on the log, investigations, they should be determined at the beginning
laboratory data are presented in a separate paragrap®f the exploration program. The exploration team should
Figure 2-70 illustates combined reporting of visual and consider these requirements and advise investigators of the
laboratory classifications. If the laboratory classification Special cases.

based upon USBR 5000 differs from the visual

classification, both group symbols are shown in the leftThe USCS was developed to classify naturally occurring
column. Do not change the visual classification or Soils; it was not intended for classifying lithified or
description, based upon laboratory data, because the visuglanmade materials. Problems can occur by classifying a
description is based upon a widely observed area. If th@artially lithified material such as a weathered rock or shale

typical name is different, this is shown in the laboratory testas @ soil. An example would be the use of power-auger
data paragraph. holes in shales. If the power auger grinds up the shale into

a soil-like material, problems could arise when excavating

|n-p|ace density tests are often performed in test pits andeI'ing construction. It is important to note that the visual
trenches in borrow areas to determine shrink-swell factors classification was performed on materials after processing.
In-place density tests are also performed in pipelineOther materials such as claystones, processed aggregates,
investigations to evaluate soil support for flexible pipe. In and natural materials (e.g., shells) are examples of materials
most cases, laboratory compaction tests (USBR 5500, 5525/here the group symbol and typicahme from USCS
5530, and 7240) are performed depending on the rnateria$hOU|d not be used without careful notation. Examples of
and requirements of the investigation. The compaction test$gs for these materials are shown on figure 2-71. The
are used to determined relative density or percentUSCS typical name is enclosed within quotation marks as
compaction (USBR 7250, 7255). The in-place density andthe classification of material after processing.

percent compaction or relative density must be reported in

the paragraph on in-p|ace condition on the |og_ |n-p|aceG€0|OgiC interpretations should be made by or under the
density tests such as the sand cone or nuclear gage normafpervision of a geologist. The geologic interpretation is
represent a smaller interval than the interval logged. For inpresented in a separate paragraph. An example is shown on

place density tests, the interval is measured or estimated arftgure 2-68. Factual geologic data can be provided in
reported on the log. construction materials reports.

On some features, using standard USCS group symbols arleBrge machine-dug test pits or test trenches may require
typical names may make it difficult to distinguish materials more than one log to adequately describe variation in
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Nareas of Rectamation l LOG OF TEST PIT OR AUGER HOLE HOLE NO,
FEATURE PROJECT ___
AREA DESIGNATION ___ GROUND ELEVATION
COORDINATES N E METHOO OF EXPLORATION
APFROXIMATE DIMENSIONS LOGGED BY
DEPTH WATER ENCOUNTERED 1f DATE DATEIS) LOGGED
CLASSIFICATION u:"l;:(t-\l;lgL:l;.l.l!i\tr:E)
5(3(2405%1 CLASSIFICATION AND DESCRIPTION OF MATERIAL 215 lrios
sampte aven SEE USBR 5000, 5005 ol
GP ) 0.0 to 3.2 ft POORLY GRADED GRAYEL WITH SAND: About 70%
(visual) coarse to fine, hard, subangular gravel; about 30% coarse
é}:gsif} to fine, hard, subangular sand; trace of fines; maximum
size, 75 mm; no reaction with HCI.
three IN-PLACE CONDITION: homogeneous, moist, brown
sack LAB TEST DATA: Sample had 64% gravel, 34% sand, 2% fines,
sample Cu = 24, Cc = 1.8 Laboratory classification is WELL-GRADED
GRAVEL WITH SAND.
Three 50-Tbm sack sample taken for testing from 18-inch-wide
sampling trench for entire depth interval on east side of
3.2 ft trench. Material mixed and quartered toc get sample.
CL 3.2 1o 7.6 ft LEAN CLAY: About 90% fines with medium plastic-
{lab ity, high dry strength, medium toughness; about 10% pre-
classif)| dominantly fine sand; maxiumum size coarse sand; no reaction
with HCI.
one IN-PLACE CONDITION: Firm, homogeneous, moist, yellowish-brown.
sack LAB TEST DATA: 86% fines, 14% sand, LL = 36, PI = 19
sample One 40-1bm sack sample taken for testing from 12-inch-wide
7.6 ft sampling trench from 4.7 to 6.8 ft depth.
REMARKS:

REPORTING LABORATORY CLASSIFICATION IN
ADDITION TO VISUAL CLASSIFICATION

1/ Report to noarest @1 foot

Figure 2-70.—Log of test pit or auger hole—combined laboratory and visual classification.
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71318 A (1-He}
Hureau sf Beclimal e LOG OF TEST PIT OR AUGER HOLE . HOLE NO.
FEATURE . - I FROJECT
AREA DESIGNATION - GROUND ELEVATION
COORDINATES M _ . ..._E —— METHOD OF EXPLORATION
APPROXIMATE [MMENSIONS LOGGED BY
DEPTH WATER ENCOUNTERED 1f DATE DATEIS) LOGGED
h % PLLS 3 in
CLASSIFICATION {BY ¥YOLUME}
GRDULP
SYMBOL CLASSIFICATION AND DESCRIPTION OF MATERIAL - | 5. |eLus
{describe 5 12 12
sarmple taken) SEE USBR 5000, 5005 " " in

SHALE 11.2 to 12.6 ft SHALE CHUNKS: Retrieved as 2- to 4-inch pieces
CHUNKS af shale from power auger hole, dry, brown, no reaction with
HC1. After slaking in water for 24 hours, material identified
as "SANDY LEAN CLAY (CL)" - About 60 percent fines with medium
; plasticity, high dry strength, no di1atancy3 medium toughness;
about 35 percent fine to medium sand; about 5% gravel-size

12.6 ft pieces of shale

CRUSHED Bin No. 3 CRUSHED SANDSTONE:  Product of commercial crushing
SANDSTONE | operation; "POORLY GRADED SAND WITH SILT (SP-SMY" - About
90% fine to medium sand; about 10% nonplastic fines; maximum

size, medium sand; dry, reddish-brown; strong reaction with

Bin No. 3 | HCI.

CRUSHED NE Stockpile CRUSHED ROCK: Processed from gravel and cobbles
ROCK in Pit No. 7; "POORLY GRADED GRAVEL {GP)" - About 90% fine,
; hard, anqular gravel-size particles; about 10% coarse, hard,
NE angular sand-size particles; maximum size, 19 mm; dvy, tan:

Stockpile | no reaction with HC1.

BROKEN 0.0 to 3.2 ft BROKEN SHFELLS:™ Natural deposit of sheils; "POORLY
SHELLS GRADED GRAVEL WITH SAND (GP)" - About 0% gravel-size broken

shells; about 35% sand and sand-size shell pieces; about 5%

1. 3.2 ft finesg

REMARKS:

MATERIALS OTHER THAN NATURAL SOILS

GPO Aag-3sf
1/ Repart to nearest 0.1 foor

Mimeee A T4 I omm e m® n®d mn miama el IR DY R Y VDU | TNV WP [N P

Figure 2-71.—Log of test pit or auger hole—materials other than natural soils.
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materials found in different portions of the pit or trench. conditions described in the best possible way. Cross-valley
The initial log of such pits or trenches should describe asections are generally more informative than a series of
vertical column of soil at the deepest part of the excavationsections parallel to the valley. Also, sections should cross
usually at the center of one wall of the pit or trench. If this physical features at right angles as nearly as possible. A
one log will not adequately describe variation in the clear differentiation should always be maintained between
different strata exposed by the pit or trench, additional logdfactual and interpretive data. A system where lines range
should be prepared for other locations within the testfrom dotted to solid is recommended. In this system dots
excavation to provide a true representation of all stratarepresent purely hypothetical interpretation, a solid line
encountered in the test pit or trench. In long trenches, atepresents fact, and dashed lines define the degree of
least one log should be prepared for each 15 m (50 ft) ofeliability of intermediate data according to length of dash.
trench wall, regardless of uniformity of material or strata. The cross section should always show the name of the
A geologic section of one or both walls of long test trenchesperson who made the interpretation and the date the
is normally required to describe variation in strata andinterpretation was made.

material between log locations. When more than one log is

needed to describe the material in an exploratory pit or  2-25. Sampling .—Samples of soil and of rock are
trench, coordinate location and ground surface elevatiorcollected for visual examination so that a log of the test hole
should be noted for each point for which a log is prepared.may be prepared for preservation as representative samples
A plan geologic map and geologic sections should always bén support of the descriptive log, for testing to determine
prepared for test trenches that encounter bedrock inndex properties, and for laboratory testing to determine
structure foundations. engineering properties.

Sketches of test pit walls are useful to describe variability ofRequirements for undisturbed samples are given in
materials. Figure 2-72 shows a sketch depicting location olUSBR 7100 and 7105.
the pit wall which was logged. This figure is attached to the
test pit log for reference. Additional examples can be foundwhen drilling core holes, the total material recovered as
in the Engineering Geology Field Manual[20]. core is collected and stored in corega&sable boxes. In
Photographs of test pit walls are valuable inclusions inaddition, samples of soil should be cotkd and placed in
geologic design data and construction materials reports. sealed pint jars or resealable plastic bags to preserve the
natural water content representative of each moist or wet
2-24. Subsurface Sections .—Guidelines for  stratum. Samples representative of the various types of
preparing geologic drawings and sections are presented imaterial found in the area under investigation should be
the Engineering Geology Field Manuand Engineering  collected as the work progresses. Samples should be 100 to
Geology Office Manual20, 68]. These guides contain 150 mm (4 to 6 in) long and must be representative of that
detailed instructions for developing geologic drawings. Thematerial found in the area, particularly as to the degree of
five primary objectives of geologic sections are to: alteration. If a wide variation in material quality exists,
samples representative of the ranges of the material should
e Compile and correlate surface and subsurfacebe collected.
geologic data.

e Present geologic interpretations. When exploring for materials in borrow areas and in
e Save the user time by concisely and accuratelyfoundations where substantial quantities occur that
displaying pertinent geologic conditions. potentially may be used in embankment construction,

e Graphically show in two or three dimensions the samples should be collected representative of each stratum
subsurface conditions which cannot be determinedin a volume sufficient to provide 35 kg (75 Ib) of material
with ease from a geologic map, particularly those passing a 4.75-mm (No. 4) sieve to be used for testing for
interpretations which may be significant to engineering properties. Onlyateial larger than 75 mm

engineering planning or design. (3 in) should be removed from a sample, and the percentage
e Indicate probable structure excavation limits and of plus 75 mm removed should be reported. However, in
show geotechnical considerations or treatment. some cases, larger samples are required for tests on total

material. If the entire test hole appears to be in uniform
Geological sections are used to show interpreted subsurfaamaterial, samples from the upper, middle, and lower one-
conditions in geological reports, materials reports, andthird of the test hole should be collected. USBR 5205
design data for dams, canals, and other project featureshould be referred to for size of sample required for a
Location of sections should be chosen so as to presemarticular test.
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Figure 2-72.—Geologic interpretation in test pit (geologic profile).

When investigating riprap sources, samples consisting 0600 mm (12 to 24 in) long, and open-pit sami#&9- to
three or four pieces of rock totaling at least 275 kg (600 Ib¥50-mm (10- to 18-in) cubes. Every effort should be made
representative of the source should be collected. Collectintp preserve such samples in as nearly an in-place natural
samples of concrete aggregates is covered iCtmerete  condition as possible.  Procedures for collecting and
Manual [20]. Collecting samples of blanketing material, preserving this type sample are described in USBR 7100 and
filter material, and ballast should conform to requirements7105.

for collection of borrow material for embankment

construction. 2-26. Reports .—

From the set(s) of samples collected described above, a. General.—Guidelines for preparing geologic design
samples are selected for performing index and engineeringata reports are presented in Bmgjineering Geology Office
properties tests. Care should be taken to preserve sufficieManual [69]. This guide contains detailed instructions
samples to substantiate logs of exploratory holes and fotoncerning required information for inclusion in geologic
representative samples to be transmitted. design data reports.

Samples collected in the process of routine exploratiorThe results of every investigation should be presented in a
generally are not satsftory for testing asstated with  report. In the reconnaissance stage for a small structure, a
determining properties of in-place soil or rock. For thisletter report describing in general terms the nature of

purpose, samples of material unaffected by seasonal climatjgroblems associated with the investigation, the extent of the
influence are collected from large-diameter boreholes [10Gnvestigation, and the conclusions reached may suffice. As

to 150 mm (4 to 6 in) in diameter minimum] or from the an investigation proceeds, additional data are collected and
bottom of open pits. Borehole samples should be 300 tevaluated. As the various stages of invediin proceed,
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previously assembled material is incorporated in a progress e Photograph pertinent geologic and topographic
report. During preparation of this progress report, previous features of the terrain, including aerial photographs
reports should be examined; those questions which have for mosaics, if available, are valuable additions to the
been answered should be noted in the report together with report.
the resolution or, if unanswered, should be carried over for
future consideration. The final report should either answeEngineering data on overburden soils within the foundation
all questions raised in the past or discuss why a positivef the proposed structure should be shown by detailed soil
solution cannot be reached within the scope of arprofiles and reported as follows:
investigation.

e A classification of the soil in each major stratum

Every investigation should contain: according to the Unified Soil Classification System.
e A description of the undisturbed state of the soil in
¢ A statement of the purpose of the investigation each stratum.
e The stage for which the report is being prepared ¢ A delineation of the lateral extent and thickness of
e The kind of structure contemplated or the type of critical, competent, poor, or potentially unstable
study strata.
e The principal dimensions of the structure e An estimate, or a etermiration by tests, of the
significant engineering properties of the strata such as
The following features pertaining to foundations and density, permeability, shear strength, and
earthwork should be included in all reports. compressibility or expansion characteristics; and the
effect of structure load, changes in water content, and
b. Foundations and Earthwork.—Foundation data fluctuations or permanent rise of ground water on
should reflect recognition and consideration of the type and these properties.
size of the particular engineering structure and the effecton, e An estimate or a determination of the corrosive
or relationship to, the structure of the significant properties and sulphate content of the soil and ground
characteristics of foundation materials and conditions at the water as affecting the choice of cement for use in
particular site. structures.

The general regional geology should be described. The&or data on bedrock, the following are required:
description should include major geological features, names

of formations found in the area, their age, their relationship e A description of the depth to and contour of bedrock,
to one another, their general physical characteristics, and thickness of weathered, altered, or otherwise softened

seismicity. zones, and other structural weaknesses and
discontinuities.
e A description and interpretation of local geology e A delineation of structurally weak, pervious, and
should include: potentially unstable zones and strata of soft rock
and/or soil.
- physical quality and geologic structure of e An estimate or a determination of the significant
foundation strata, engineering properties of bedrock such as density,
- groundwater and seismic conditions, absorption, permeability, shear strength, stress, and
- existing and potential slide areas, and strain characteristics; and the effect of structure load,
- engineering geologic interpretations appropriate changes in water content, and fluctuations or
to the engineering structure involved. permanent rise of groundwater on these properties.

e Geologic logs of all subsurface explorations should c. Construction Materials Data.—As part of the
be included in the report. design data for earth dams, an earth materials report is
e Combine geologic map plotted on the topographicrequired containing a list of:
map of the site showing surface geology and the
location of geologic sections and explorations.
e Supplement the above map by geologic sections
showing known and interpreted geologic conditions
related to engineering structures.

available impermeable soils,
permeable soils,

sand for filters, and

rock for riprap and rockfill.
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Occasionally, a list is required for canals and other largadvantage. However, explorations should be sufficient to
structures when appreciable quantities of these materials aessure that sufficient materials required are available. As
required. Sometimes, similar reports for smaller quantitiesoon asfunds are aailable for constructing the dam,
of special materials are needed. The principal items to badditional studies can be performed.
covered in the earth materials report are:
The primary purposes of @thiled study are toedermine
e A grid map showing the topography of the depositthe depth of borrow pit cuts, the most efficient distribution
and of the structure site and the intervening terrain ifof materials to be placed in the embankment, and the need
within a radius of 3.2 km (2 mi). The location of test for addition or removal of moisture. In most cases, it is
holes and trenches should be shown using standardesirable to add moisture to dry, impervious borrow

symbols. materials before excavating. Studies should include an
e Ownership of deposit. analysis of moisture conditions in each borrow area from
e Brief description of topography and vegetation. which plans may be developed for irrigating the areas. If

e Estimated thickness of the deposit, including materials in borrow areas are too wet for proper placement,
variations. Drawings showing subsurface profilesplans for draining these areas may be based upon results of

along grid lines should be included. detailed studies. Seasonal variations of water content,
e Areal extent of the deposit. variation of water content with depth, and rate of water
e Estimated quantity of the deposit. penetration are items requiring consideration.
e Type and thickness of overburden.
e Depth to water. Detailed investigations are also desirable for canals and
e Accessibility to the source. structures where large quantities of required excavations and
e General description of rock. borrow are involved. In any case, sufficient preconstruction
e Amount of jointing and thickness of bedding of rock explorations should be made to know where specified types
strata. of materials are to be obtained and where all materials are to

e Spacing, shape, angularity, average size, and rangee placed.
of sizes of natural boulder deposits.

e Brief description of shape and angularity of rock Information on concrete aggregates should be reported
fragments found on slopes and of the manner an@ccording to instructions in th€oncrete Manual[20].

sizes into which the rock breaks when blasted. Information on sources and character of acceptable road sur-
e Logs of all auger test holes and exposed faces of tesacing materials, if required, should be given in the
trenches or pits. construction materials report. Reference should be made to

e An estimate, or determination by tests, of theresults of sampling and analysis of maks; including
pertinent index and engineering properties of soilsprevious tests. Figures 2-73 and 2-74 are example forms for
encountered. The amount of testing should besummarizing field and laboratory tests on embankment
limited in the feasibility stage but should be more materials which accompany preconstruction reports.
detailed for specifications.

e Photographs, maps, and other drawings are helpful
and desirable for the record of explorations.

In most cases, information gathered for the earth materials
report of an earth dam, for final design and specifications,

may not be of sufficient detail to permit development of a

plan for wusing available earth materials to the

best
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Chapter 3
CONTROL OF EARTH CONSTRUCTION

A. Principles of Construction Control

3-1. General.—In many types of engineering work, Although the Government prepares plans and specifications
structural materials are manufactured to obtain certaindefining work to be performed, once a contract is signed, the
characteristics; their use is prescribed by building codesGovernment representatives have no right to change contract
handbooks, and codes of practice established by variousequirements, and the contractor has no right to change unit
engineering organizations. However, for earth construction,prices. A condition may exist in the field that is different
the common practice is to use material that is availablefrom what was anticipated to exist during preparation of the
locally rather than specifying that a particular type of specifications. If changes to designs are necessary, a
material of specific properties be secured. Likewise, acontract modification is agreed upon by both the contractor
variety of procedures exists by which earth materials may bend the contracting officer.
satisfactorily incorporated into a structure. When earth is
the construction material, personnel in charge of constructiorSpecifications requirements for earthwork construction may
control must become familiar with design requirements andbe grouped into two types: those requirements based on
must verify that the finished product meets the requirementsperformance and those requirements based on procedures.

This distinction must be clearly recognized. The requirement
Design of earth works must allow for an inherent range offor earthfill in a dam embankment is usually based on both a
earth material properties. For maximum economy, toleranceminimum procedure and on performance. If the two
ranges will vary according to available materials, conditionsrequirements prove to be incompatible, the performance is
of use, and anticipated methods of construction. A closeradjusted to obtain compatibility. The desirability of a
relationship is required among the operations of inspectionperformance-type requirement is recognized; however, the
design, and construction for earthwork than is needed irpresent state of knowledge of soil behavior, the complexity
other engineering disciplines. Construction control of of specifications required, and the extensive testing
earthwork involves not only practices similar to those requirement make this type of specification very expensive
normally required for structures using manufacturedfor some types of noncritical earthwork construction.
materials, but also the supervision and inspection normally
performed at the manufacturing plant. In earthwork When developing specifications, it is very important to
construction, the processes by which an acceptable materi@ticlude the assumptions, confidence, and uncertainties
is produced are performed in the field. inherent in the design. This allows both the contractor and

contract administration personnel a clearer understanding of
Structures designed by the Bureau of Reclamationthe expectations of the designer and the inherent risks
(Reclamation) are usually built by a contractor. The basis ofinvolved in the contract. It has been Reclamation practice to
the contract is a set of specifications that has a schedule ahake all existing data available to bidders either by
items of work. Through information provided in incorporation of the data into specifications or by referencing
specifications, the contractor proposes prices for performingeports and making them available for review. In the past,
the items of work that, when accepted, become a part of th# was Reclamation’s practice to develop a separate document
agreement between the Government and the contractor. Thealled "construction considerations” which included the
primary functions of the construction control organization aredesigners’ assumptions, uncertainties, and requirements for

to: successful construction. Reclamation has recently attempted
to include some of these considerations directly in the

e Ensure the structure is built according to specifications. An example would be to include the
specifications. reasoning for excavations shown on certain levels in the

¢ Report and document any changed conditions. foundation. Acceptable foundation conditions should be

e Certify to what extent the items of work have been given along with the reasoning and the geologic
completed. interpretations providing the basis for the excavation limits.

e Test for compliance with requirements. Also, Reclamation gives prebid briefings to prospective

e Determine payment due the contractor.
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contractors. During these briefings, it is helpful to show aevaluated. A requirement may be defined as a condition to

video of preconstruction excavations or to actually performbe achieved from which certain deviations (plus or minus)

excavations such as test pitting for the prospective biddersare tolerable, or it may be defined as a limiting condition
from which deviation is allowable in only one specified

Often, Reclamation performs rather extensive designdirection. Both methods are in common use. Although a

investigations; however, they are performed to collect desigrprocedure is specified for some types of work (notably,

data and may not be related to constructability. Given theearthfill in dam embankments), inspection may be made on

nature of the earth and its complex geology, it is notthe basis of satisfying a performance requirement. Basically,

economical to attempt to perform extensive investigations tanspection determines only whether work is acceptable or not

alleviate any change of condition. Contractors areacceptable, but it also is desirable to determinextentto

encouraged to perform prebid investigations andwhich work is acceptable or unacceptable.

investigations as construction progresses, as necessary, to

avoid surprises during construction. An inspector should be familiar with the various safety and
health regulations for construction activities. Inspectors

Specifications requirements also may be divided into twoshould stay fully informed on progress of work and on future

groups: definite requirements and those qualified by theprogrammed work.

phrase "as directed." The undesirability of the latter

requirement is recognized and is avoided whenever possibleTo facilitate construction control, relationships between

However, the "as directed" type of requirement is used inengineering properties test results and index test results are

establishing minor dimensions in areas where investigationgstablished wherever possible. In addition, visual

sufficient to establish such dimensions are not justified andobservations of soil characteristics are correlated with both

when new conditions are encountered for which requirementindex and engineering properties.  When noticeable

have not been established. differences exist between acceptable and unacceptable work
or materials, sufficient testing is required to confirm that

Where the "as directed" requirement refers to dimensioningdifferences persist. As these differences become less

either maximum and minimum dimensions or an averageobvious, the amount of testing should be increased. In any

dimension is noted on the design drawings. If maximum andevent, testing should be sufficient to provide adequate quality

minimum dimensions are stated, the usual practice is taontrol and to furnish the necessary permanent records.

excavate to the minimum dimension; and where visual

examination indicates the excavation is still within inferior It is impractical to completely test all the work performed.

material, excavation up to the maximum dimension is The usual procedure is to select samples of work or materials

continued, if required, to reach a satisfactory foundation. for testing that are representative of some unit of work or
material. Accuracy of such procedures depends on:

Where the "as directed" requirement refers to a new

condition, the contractor and construction engineer should e the relationship of sample size to size of unit it

exercise joint effort to establish practical performance limits represents,

or to establish procedures that will produce satisfactory e procedures used for sample selection, and

results where performance cannot readily be defined. Some e frequency of sampling.

experimentation is desirable, but this aspect should be small

compared to the total requirement. For most earthwork construction performed for Reclamation,
the ratio of sample size to unit of work or material

3-2. Inspection .—The adequacy of construction is represented is small, so special sample selection procedures

determined by visual examination, by measurements, and bgre used. Since the principal objective is to ensure adequate

testing. Inspection determines whether the requirements ofvork, samples are selected at random with a minimum

plans and specifications are being satisfied; it does notecommended frequency.

determine what the requirements should be. An inspector

must become familiar with the specified requirements for 3-3. Field Laboratory Facilities .—The primary

work to be inspected. In determining whether work satisfiespurpose of a field laboratory is to perform testing of

the requirements, an inspector should also be familiar withconstruction materials. Test data serve as bases for

how the requirement is defined. For earthwork construction,determining and ensuring compliance with specifications, for

dimensional requirements and quality requirements aresecuring maximum benefit from materials being used, and
for providing a record of materials placed. Physical
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properties testing of earth materials during investigationdry or rainy weather, sheltered facilities are advantageous so
stages may be performed in the field laboratory or in thesoil tests can be made without objectionable soil moisture
Denver Office laboratoriesor a combination used. changes.

The size and type of field laboratory are dependent onTo ensure acceptable accuracy of test results, not only must
magnitude of the job and on types of structures. When a&quipment be maintained to a known accuracy, but the
laboratory building needs to be constructed, requirementsaboratory testing environment requires efficient control.
usually will conform to one of the designs shown on figure 3-Laboratory areas, where permeability and hydrometer
1 or a suitable modification. The Type C arrangementanalyses are performed, should be maintained at a
shown on figure 3-1 is appropriate for major earthwork comfortable, uniform temperature with a variation in
projects. This design was used for Palisades Dam, Idahaemperature not to exceed 8 (x+ 5 °F); otherwise, test
which contains about 10.7 million3ng14 million yd) of results may be erratic and questionable. Usually, the most
embankment and 115,00C (150,000 yé) of concrete. It  satisfactory method of temperature control is a central forced
was used at Trinity Dam, California, which has about 23air system where air is heated or cooled (as required),
million m* (30 million yd) of earth embankment and filtered to remove dust, and returned through ducts to the
76,500 M (100,000 yé) of concrete. The laboratory shown various parts of the laboratory. Laboratory areas receiving
on figure 3-1 as Type B is applicable for projects whereheat from other sources such as concentrated sunlight,
facilities are required for both earth and concrete testing ofradiators, ovens, or hotplates should be avoided for tests
moderate scale. This type laboratory was used at Heart Butt@here temperature change would adversely affect test results.
Dam, North Dakota, which has about 1,070,008 m For example, a hydrometer analysis would be adversely
(1.4 million ycf) of earthwork and 7,600%¢10,000 yd) of affected by a heating radiator if a constant temperature water
concrete. The small mobile or stationary laboratories showrbath is not used.
as Type A on figure 3-1 are suitable for small projects, as a
satellite laboratory on a large earthwork project, or onSome types of balances are sensitive to air currents. These
projects divided into several work divisions. They may be balances must be either properly shielded or located in areas
truck-mounted or trailer units. An example of a mobile where air currents (from the heating or ventilating system) do
laboratory is shown on figure 3-2. not interfere with their proper operation. If possible, a high
relative humidity should be maintained in areas where
At times, the type of laboratory suitable for a particular job undisturbed soil samples are stored.
may be difficult to determine. The main factors in
determining the size and number of laboratories are size o®perations that produce dust, such as sieving, processing, or
contemplated work, concentration of work, and complexity pulverizing, should be conducted in an area separate from the
of materials to be tested. In most cases, concrete and earthain laboratory; an adequate system should be provided for
materials testing are combined into the same building.removing dust from the atmosphere either by filtration or
However, for small satellite control laboratories, separateexhausting to the outside. Noisy operations such as sieving,
facilities for earthwork control may be desirable. When compacting, and maximum index density testing should be
earthwork is concentrated at one locatias for a damthe conducted in rooms separate from the main laboratory
project laboratory can be erected near the worksite so thatecause of their adverse effect on personnel and on other
laboratory facilities are immediately available for necessarylaboratory operations. When exposed to noise levels above
control work. When earthwork is spread out over long 85 decibels for over 15 minutes per day, proper hearing
distances, as in the cases of canal and road constructiopyotection must be worn. This noise level is commonly
testing facilities in addition to those at the main project attained during the sieving of soils containing gravel.
laboratory must be provided near the work. Some projects
employ a utility-type vehicle or an equivalent equipped with 3-4. Laboratory Data .—Data forms generated in daily
the necessary testing equipment as shown in figure 3-2operations of field laboratories are important technical and
Other projects have used small skid-mounted buildings. Adegal documents; they must be properly handled and
work progresses, these buildings are towed or hauled to newrocessed as described in USBR 9300: Checking, Rounding,
locations. Other projects have used large portable boxeand Reporting of Laboratory Data. Following correct
where equipment can be stored. For testing work in veryprocedures produces uniformity and consistency in data
reporting.

1 9300: Checking, Rounding, and Reporting of Laboratory Data.
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a. Semimobile trailer unit used as a field laboratory.

b. Type V laboratory—vehicle equipped for on-site
earthwork control tests.

Figure 3-2.—Typical field laboratories.
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Proper data recording means not only writing a measured oData sheets, equipment literature, and calibration records
calculated number in the correct locatiamith the must be filed for easy and ready retrieval any time during
appropriate number of digisdut also completing the test construction.

identification information on each data form. Observations

made during the test that might have an effect on test results  3-5. Reports .—A record of construction operations
must be noted. Erasures are not allowed on data forms. Khould be maintained as they are indispensable when repair
a value has been erroneously recorded or calculated, a lingr modification of the structure is required in the future.

is drawn through the incorrect number, and the correct valueiso, a record is necessary when claims are made by either
is written above or next to the original value. the contractor or the Government that work required or

performed was not according to the contract. Recorded data
All data calculated or transferred from another source muskre beneficial in improving engineering knowledge and

be checked; the checkmarks are shown on the form. It igractices for future work. Basic documents of the
important that the one who checks data uses the same steggnstruction record are:

or method of computation as the original data reporter.

Numbers calculated by "chain® computations (with a e Plans and specifications

calculator or computer) may result in different values than « Adopted modifications that were considered to come
those obtained when values are rounded for each entry and within the terms of the contract

the rounded value is used in subsequent calculations. e Amendments made to the contract as extra work
) _ o orders
When a numerical value is to be rounded to fewer digits than o Orders for work changes
the total existing digits, rounding should be done as follows: « Contractual protests
¢ Results of:
When the first digit The last digit  Examples of
dropped is: retained is: rounded numbers: - tests,
- measurements of work performed, and
<5 unchanged 2.4410 2.4 - contract earnings.
>5 increased by 1 2.46t0 2.5
exactly 5 increased by 1 2.5510 2.6

To ensure that a proper record of construction is developed
and available, various periodic reports are required. By

reviewing these reports, supervisory personnel can

The same policy (rules) applies whesunding a number  determine whether proper performance is being achieved or
with many digits to a number with few digits. A computer whether deficiencies or misunderstandings exist. Necessary
or calculator may display the answer to a computation as 1@orrections can be made quickly on the basis of such

digits, and the answer is to be recorded to 2 digits. FOI‘reports_ The progress report permits coordination of

example, the number 2.3456789 would be rounded to 2.3yarious operations required for servicing a contract to be

the first digit dropped would be the 4; other examples areperformed in a timely and efficient manner.

5 followed only by zeros increased by 1 2.5500 to 2.6

249999 t0 2.5 2.55555 to 3 The .amount of reporting rquired varies according to
2 49999 to 2 2 50000 to 3 function and degree of supervision.

2.55555 to 2.56 .
e Reports are made of every test performed in the

laboratory and in the field.
The above examples of exactly 5 or 5 followed by zeros are e Inspectors make daily reports concernautpquacy
rounded differently than indicated in some references. progress andcommenton decisions. These daily
These references indicate the number is to be rounded tothe  reports may be of vital importance in subsequent
closest even number. That is, 2.50000 would be rounded to actions.

2 and not 3. Unfortunately, calculators and computers do e Administrative personnel make monthly reports on

not follow this rule and always round up. Recognizing the quantity of work performed, contract earnings,
universal use of calculators and computers, the policy as safety, employment records, and various other
stated should be followed. statistical information as required.
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e Intermediate and supervisory personnel summarize
these basic data perigdily and make frequent
informal and monthly formal reports, as required,
and they include reports of all decisions made on
controversial matters.

Every construction project submits a monthly progress
report (referred to as the "L-29" report), "Construction
Progress Report, Concrete Construction Data, and
Earthwork Construction Data.” This report covers the
progress of current construction activities and the structural
behavior of completed or partially completed features in
which observations are being made. Also, it provides a
continuous record of events and data for future reference.

Specialized reports on grouting, pile driving,
instrumentation, soil-cement construction, etc., are required
as needed [1]. Thesdaethnical" or "specialist” reports
contain:

e Tabulations of test results

e Statements of progress

e Amount of work performed

e Any questions concerning
requirements or test results

e Descriptions of abnormal conditions or methods that
affect either quality or quantity of work accomplished

interpretation  of

Copies of all these reports are sent to the central office for
immediate review by specialists so assistance or advice
concerning performance of work or testing can be provided
promptly if necessary.

Upon completing an earth dam embankment or other major
works, aFinal Construction Repoifsummarizing the work
accomplished) should be prepared. In special cases,
additional summaries or reports may be required.

The narrative summary of these reports should be restricted
to matters of special importance or interest relating to
technical control exercised in earthwork construction. All
summaries should describe any difficult or unusual
experiences encountered during the reporting period. Types
of information desired are exemplified in the following list.
Of the items listed, only those that warrant reporting should
be included, such as:
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¢ Description of foundation conditions encountered and
methods, procedures, and equipment used in:
preparing the foundation, stripping, excavating,
dewatering and unwatering the foundation, placing
piling or caissons, consolidating soils in place, etc.;
also, methods for protecting the foatidn surface
prior to placing materials such as installation of
drains, wells, filters, geosynthetics, concrete
blankets, sealers, etc. Report unusual or unexpected
foundation conditions encountered and methods of
treatment.

Describe preparation, clearing and stripping,
irrigation, and excavation operations in borrow pits,
required excavations, quarries, or other sources of
earth materials destined for the construction. List
methods used for adding or removing moisture,
separating, excavating, and hauling. Indicate sources
and delivery means of imported materials such as
filter sand, lime, cement and pozzolans, etc. Also,
describe borrow area drainage and restoration
procedures. Report any difficulties or unusual events
and remedies.

Describe placement operations for embankments or
other earthfills, earth linings, structure and
instrumentation backfill, pipelines, and other earth
structures. The narrative shall include descriptions
of: equipment used (particularly the rollers); other
compaction or consolidation equipment; methods and
equipment for separating, scarifying, mixing,

blending, and controlling moisture on the fill;
finishing surfaces; placement of riprap, rock
blankets, filters, cover materials, and gabion

installations; final cleanup, landscaping, and seeding.
Include the quantities of earth materials placed in
each fill area, length of pipe backfilled, volume of
soil-cement placed, etc. Also include the elevations
reached for the various zones of major structures.
Report unusual or difficult experiences or conditions.
Where necessary to clarify subjects emphasized in the
narrative section, suitably captioned photographs,
drawings, and sketches should be attached to the
summaries. Additional media such as films, video,
etc., may be useful.
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B. Earthwork

3-6. General .—Differences in design requirements and e blended earthfill,
construction procedures have led to classifying Afill e modified soll fill.
construction into three types: (1) embankments, (2) linings
and blankets, and (3) backfill. Usually, division lines b. Dumped Fill. —The simplest construction operation

between fill types are not distinct. Embankment of moving material from excavation and depositing it in a
construction applies primarily to laterally unsupported fills fill to lines and grades is called dumped-fill construction.
built on top of the natural ground surface; however, refill of This type of embankment is used to construct minor roads,
cutoff trenches or key trenches is included as embankmentanals, and laterals when necessary engineering properties
constructior- especially regarding construction control. can be developed in the available soil without special effort.
Lining and blanket construction applies mainly to relatively Although selection and distribution of material are not
thin sheets of fill spread over an area of natural ground,specifically required, dumped fills should be free of tree
excavated surfaces, or embankment. Backfill refers to refilistumps and other organic matter such as trash, sod, peat,
of excavations below the ground surface or earth placed irmand similar materials. Rocks, cobbles, and similar material
confined spaces and against rigid structures. should be distributed throughout the section and not nested
or piled together. For the fill to be reasonably uniform
Based on the amount and kind of work required, each othroughout, materials should be dumped in apimaxely
these groups is further divided into several types. Becaushorizontal layers. "End dumping,” a process by which fill
of the indistinctiveness of deftion, where two or more  material is pushed off the edge of the fill and allowed to roll
different types of construction are required involving down the slope, is objectionable because it fosters material
separate contractual pay items, it is customary to establissegregation and should be avoided wherever possible.
arbitrary boundaries for the different types of work. Dumpedfill is often further classified as dragline-placed fill,
Separation may be definite, or an overlap may exist. Thdruck-dumped fill, or scraper-placed fill. If traffic over the
lines of distinction will vary from job to job, so reference to fill occurs during construction, either by construction
the particular specifications involved is required in all cases.equipment or otherwise, it should be routed to distribute
compaction as much as possible.
3-7. Embankment .—Engineering properties of soil

can be changeehnd often improvedby: On canal construction, a further requirement is to place the
finer and more impervious material on the water side of the
e Selecting embankment. On road work, the gravelly material should
e Controlling moisture content be in the top of the fill, and large rock should be well
e Mixing buried. Inspection consists of visual examination to ensure
e Stabilizing using various admixtures that the above reqwiments are satisfied and that
e Compacting dimensional requirements are attained. Laboratory testing

of dumped fill construction is not required except for record
a. Types of Embankment.—In the order stated, each purposes.
of those operations is successively more expensive to
perform. Although engineering properties are improvedand  c¢. Selected Fil.—Commonly used selected fill types
made more uniform, some of these operations may not b&clude selected impervious fill, selected sand and gravel fill
justified for all structures. (pervious fill), rockfill, and riprap. Selected fill is a
dumped fill constructed of selected materials; occasionally,
In construction, any of the following types of embankment compaction is required. This type of construction is widely

construction may be specified: used where one engineering property is more important than
others, and soil with a specific property can be secured by

e dumped fill, selective excavation. Accordingly, selected fill may be
¢ hydraulic fill, specified to satisfy one of several engineering properties.
e selected fill, Construction and inspection requirements vary according to
e equipment-compacted embankment, the engineering property being emphasized.
e rolled earthfill,
e vibratory-compacted embankment, The selected impervious fill type of embankment is used in

canal construction when selective excavation of the canal
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prism will provide a superior structure with little extra justified in construction of earth dams and in canal
effort. Excavation from borrow pits and short hauls may beembankments. A failure could result in the loss of life or
required, but benefits derived solely from selection usuallysubstantial property damage, and conditions could develop
do not warrant the cost of securing a better material from ghat would cause excessive water loss or expensive
more distant source. maintenance costs. Where pertinent, procedures and
equipment are specified to ensure development of desirable
Selected sand and gravel fill is specified to improve engineering properties to the maximum practical extent.
stability, to prevent frost heave, to provide improved
wearing surface on roadways, to prevent wave erosion oMaterials selection will have been based on preliminary
underlying embankment, and to provide for removal of investigations; that is, borrow areasillwhave been
seepage water without "piping." Benefits derived from this designated. Preliminary investigations should have
type of construction often justify securing satisfactory disclosed the nature of the average materials and the
material from a considerable distance, and sometimegrobable range of variation. Field personnel in charge of
processing to improve gradation is warranted. In choosingconstruction operations should review preconstruction
material for sand and gravelllf gravel is the more investigation results, perform additional exploration and
important component, and a well-graded, rather than &esting (if necessary), and learn to recognize the kinds of
poorly-graded, material is preferred. Other characteristicanaterial acceptable for the adopted design. Since earth
may be required for filter materials. Visual inspection dams and major canal embankments are designed to
should be confirmed with an occasional gradation test. accommodate materials available in the vicinity, the
materials used for various purposes will differ from site to
Riprap and rockfill are used primarily for surface site. If, as a result of more detailed exploration or in the
protection. Riprap is used to pect against erosion by process of construction, materials are encountered whose
flowing water and from ice and wave action and to protectcharacteristics differ appreciably from those anticipated, the
against rain and surface runoff. Rockfill is used to protectconstruction methods and procedures may have to be
against rain and minor surface runoff and to providechanged.
stability to a fill structure; to some extent, it is used as a
substitute for sand and gravel fill in dams. Durability and For embankment dams, a specific moisture range and
gradation are important requirements for riprap. These arelensity are generally specified. In specifying compaction,
also desirable characteristics of rockfill, but the tolerancerequirements will include the general type ofigoto be
ranges are much broader. used, the thickness of lifts, and the number of passes.
These requirements are based on extensive experience and
d. Equipment-Compacted Embankment.—Situa- statistical data and will produce a satisfactory fill when
tions arise where selected fill does not produce an adequat@aced using good construction procedures. Specifications
structure, and the addition of compactive effort by routing include requirements for removal of oversize particles and
of equipment will produce an acceptable fill. This type of that the material be homogeneous in texture; that is, free
construction is mostly used on canal embankment and roaffom lenses or pockets of material differing in gradation or
construction.  Specifications for construction of these classification from the average material.
features usually do not require a definite degree of
compaction. Control of moisture in the material may or Soil moisture content must be controlled to obtain maximum
may not be required. Reference should be made to pertinertenefit from compaction. Specifications require water
specifications. Separate pay items may be used for additionontent be uniform throughout the layer to be compacted
of water. The engineer in charge determines the amount aind that the layer be as close as possible to the water content
water to be added largely on the basis of volume of fill to bethat results in most efficient densification of material to be
constructed and the nature of materials being usedcompacted. For the specified compactive effort, for earthfill
Sometimes, visual inspection is supplemented by laboratoryn dams, this water content is often slightly less than
tests. optimum water content as determined by the laboratory
compaction test (see USBR 5500).
e. Rolled Earthfill. —Improving engineering properties
to the maximum practical extent by selection, compaction,
moisture control, and special processing is generally

2 5500 Performing Laboratory Compaction of Sebs5-lbm
Rammer and 18-in Drop.
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Inspection is performed to determine whether the: are designed with less than 5-percent fines. Field
inspection, therefore, iW be directed toward removing

e Material is uniform and free from oversize particles. overburden fines, avoiding silt and clay lenses or pockets,

e Compaction equipment complies with specifications and preventing excavation into less permeable materials

and is maintained in working order. below the sand and gravel deposit. Thickness of placed
e Thickness of lifts and number of passes are accordingembankment layers is commonly adjusted to avoid a

to specifications. requirement for removal of oversize material, and
e Moisture is uniform within the layer. maintaining soil uniformity does not require the attention

that impervious fill construction requires. However, coarser
The inspector should determine that moisture content igmaterial should be placed toward the outer slopes. Where
correct by performing manual tests to observe how thevibratory compaction is specified, the material source will
material compacts in the hand and to confirm this by testde designated, minimum size tractor or vibratory roller
using USBR 7240: Performing Rapid Method of described, lift thickness and number of passes enumerated,
Construction Controf. Inspection observations will be and moisture requirement defined.
supported with field and laboratory test4SBR 7205,
7220, and 7246-to determine the degree of compaction and Compaction by a vibratory roller or track-type tractor
variation of water content from optimum, and USBR 5600 depends on the vibration produced by the equipment in
to determine permeability. operation. A secondary benefit results both from size and

mass; for example, thicker layers can be compacted with

f. Vibratory-Compacted Embankment.—Compaction larger equipment. Speed of the vibratory roller is

by vibration is usually specified in the construction of earth considered beneficial in that the effect of increased vibration
dams to improve the engineering properties of strength andvith high speeds more than compensates for any detrimental
consolidation in comparatively permeable soils; that is, effects of short period application. Maximum compaction
clean sands and gravels (GW, GP, SW, and SP). Howevef sands and gravels is obtained by vibration when the soil
several other methods of compactionill wproduce is either completely dry or thoroughly wetted without being
satisfactory densification when permeability is not a saturated. The wet condition is specified because
concern. Some of these methods are specified both fosatisfactory density is more readily obtained, and field tests
highway and airport construction. If Reclamation forces areare more likely to be reliable with wet compaction.
required to supervise the construction of highways orHowever, under certain conditions, dry compaction has
airports where maximum densification of sand and gravelbeen permitted. In these circumstances, extra compactive
soils is required, specifications of the agency concerned willeffort is necessary in lieu of thorough wetting. To secure a
be followed, and instructions necessary for field control will thoroughly wetted material, excavation of materials from
be issued. below water table has been permitted in some instances.

This procedure is successful when small-size excavation
In constructing an earth dam, the contractor may propos@quipment combined with a relatively slow placement rate
some method other than vibratory campon to densify is used. With large capacity equipment and a rapid
permeable embankment materials. For those accepteplacementrate, drainage of excess moisture may be too slow
proposals, letter instructions covering construction controlto permit satisfactory compaction.
will be issued as required.

Inspection consists of noting that proper quality of material
In selecting filter and drain material to be compacted byis used and that specified thickness of lifts and number of
vibration, emphasis will be to eliminate soil contamination passes are obtainedWater content is sufficient if free
by excessive amounts of fines [minus 75 pm (minusmoisture appears in the equipment tracks immediately
No. 200 sieve size) material]. As aresult, filters and drainsfollowing passage.  With proper water content, the
compacted fill will appear firm and solid. If the fill remains
soft, moisture is too great; if the fill is fluffy, water content

5 _ . is insufficient.
7240: Performing Rapid Method of Construction Control.

47205: Determining Unit Weight of Soils Ind®le by the Sand-Cone . . . .
Method. g. Blended Earthfill —Circumstances occur in which

7220: Determining Unit Weight of Soils Ind®e by the Sand  two individual materials do not have adequate engineering
R6p|a7<;irg18n; bebd in aRTeS_éF':/IIt-m 4 of Construction Control properties but, when combined, produce a satisfactory

. errorming Rapi ethoa o onstruction Control. H H H H : :

5 5600: Determining Permeility and Settlement of Soils 8-in ,mate.”al' Othgr cases arise in \.NhICh. a mat.enal ha\./mg

(203-mm) Diameter Cylinder. inferior properties may be combined in a mixture with
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another material of adequate engineering properties t@dditive. This equipment requires initial calibration and
increase the quantity of satisfactory material available.periodic checks during construction to ensure that the proper
When the materials to be blended occur as strata (one abownount of additive is being applied. Special tests of the
the other) in the same borrow pit, exadon by shovel or  modified soil may be required to verify the amount of
wheel excavator can readily blend them together with littleadditive, and visual observations should be made to ensure
extra effort or expense (see fig. 3-3). In this case,that the additive is uniformly distributed. Construction
construction control will require maintaining the height of control testing of placement moisture and density is
cut to obtain the necessary proportions of each type materiakquired.
and to ensure that the two materials are being blended.
With dragline excavation, satisfactory mixing can be Inspection requirements will be comparable to those
accomplished, but greater attention must be given to theequired for concrete or other specialized materials, and
operation because the tendency will be to remove materiadxtensive testing should be antmipd. Considerable
in horizontal cuts. Several types of excavating equipmentexperimentation may be required to develop suitable
such as wheel excavators and belt loaders, have excellenbnstruction procedures.
capabilities for blending vertical cut material (see fig. 3-24).
i.  Hydraulic Fill—Most methods of embankment
When scraper excavation is used, the difficulty in attainingconstruction all involve control of water content. Some
a satisfactory mixture is increased; frequently, supplementasituations require placement of fill material under conditions
mixing is required on the fill by plows, discs, rippers, or a of excess water content. These situations may involve
blading operation. Excavation is performed by making aexcavation and transportation of the material by use of
slanting cut across the different types of materials; care mudtowing water. The more common procedures involve only
be exercised to effect the proper proportions of each type ofhe placement of material in still water or by the process of
material in each scraper load. Loading the materials in amvashing material into place or densifying it with a stream of
upslope direction usually gives a more effective mix of water.
materials than loading in a downslope direction. A common
practice is to spread the materials in half-lift thicknesses torerminology for the different types of hydraulic
improve uniformity and minimize requirements for mixing construction is not standardized. In general, the term
on the fill. "hydraulic fill" is applied to the complete operation of
excavation, transportation, and placing by flowing water.
The cost considerations limit the procedure for blendingWhen the hydraulic operation is confined to placing, it is
materials from separate sources to special situations such agscribed as semihydraulic construction. The term "puddled
blanket and lining construction. First, one of the materialsfill" is applied to special types of semihydraulic fill, and the
is stockpiled upon the other so excavation can be madeerm "sluiced fill" is used for material washed into place.
across the two materials, or the materials are placed in thin
layers on the fill; then, they are mixed by blading, plowing, There are several severe limitations to hydraulic fills which
or similar procedures before being compacted. Mixingmay make them undesirable for embankment construction.
machines may be specified to obtain an optimum mixture forUniform granular or cohesionless hydraulic fills, without
earth linings. active densificationmeasures, i result in very low
degrees of compaction. For undensified cohesionless sails,
h. Modified Solil Fill.—A fill using a soil that has been the typical relative range is 30 to 60 percent. There have
modified by addition of minor quantities of a selected been numerous examples of severe distress to hydraulic
admixture prior to compaction is called a modified soil fill. fills, such as embankments, quay walls, and tailings piles
The most commonly used additives are lime and cementunder earthquake loadings [2]. One such example is
The use of modified soils should be considered in lieu ofearthquake-induced liquefaction experienced at Lower Van
replacing poor soils with selected material from a distantNorman Dam during the 1971 San Fernandoheprake.
source. For example, to construct a switchyard fill, lime Puddled, sluiced, or hydraulically placed, fine-grained soils
can be used to modify expansive characteristics of a claill be weak and highly compressible. Many years may be
soil. required before fine-grained soils are improved by
consolidation. In large embankments, the use of high water
Usually, conventional methods are used to spread andontent, fine-grained soils may result in high pore pressure
compact the modified fill. In addition, some type of generation and reduced shear strength resulting in
equipment must be adapted to distribute and mix theunacceptable deformation or shear failures. Many hydraulic
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Figure 3-3.—A deposit of impervious material which overlies a deposit of pervious material.

fill structures were built prior to th&930s. Due to the of low permeability, such as silts and sandy lean clays,
limitations listed above and the advent of modernwhere high density is not necessary. Inspection is by visual
compacting equipment, hydraulic fill lost popularity after the examination to establish that the proper type of material is
1930s [3]. used and to ensure that thorough mixing is accomplished.
Puddled fill has manyndesirable propées. The slurry
Economical use of hydraulic fill construction depends on: can consolidate over time, and unacceptable deformations
(1) availality of a material that is readily sorted by the and stress distributions can occur. The slurry is weak, and
action of flowing water into a pervious material zone and anupon continued loading, high pore pressures can be
impervious material zone, (2) a large volume operation, andyenerated, resulting in further loss of strength. These
(3) a source of inexpensive power. This combination ofundesirable properties make the puddling method
conditions happens so rarely that control procedures founacceptable for many structural backfill applications.
hydraulic fill construction have not been developed for Puddled clay core dams were often constructed in older
Reclamation opeations. In the event that hydraulic fill or dams in the United Kingdom, where wet clay was healed by
semihydraulic ifl is specified, special instructions will be foot or equipment traffic into thin central clay cores. The
issued by the Denver Office engineering staff. wet clay had very low hydraulic conductivity. Many of the
dams have performed well, but there are concerns about
Sometimes, puddled-fill construction is used where climaticstress distributions, cracking of shells, and hydraulic
conditions make moisture control operations impractical, forfracturing.
backfill around pipelines and structures, and in lieu of
special compaction against rough and irregular surfacesSluiced-fill constrgtion involves working a pervious
The puddling process consists of depositing the soil in amaterial into place by a washing operation produced by the
pool of water, stirring the soil-water mixture until a fairly flow of a high-velocity stream of water. The method is used
uniform slurry is developed, and then allowing the soil to to wash sand and gravel or rock fines into the voids of a
settle out of the mixture. Puddling is used mainly for soils rock mass such as a rockfill. In lieu of tractor or vibratory
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rollers, the method may be used for compacting sand and (1) Rock.
gravelfill. Vibratory-compaction construction is considered (2) Sand and gravel.
superior to sluiced-fill construction; hence, the latter is (3) Silt and clay (impervious).
usually restricted to areas inaccessible to equipment. (4) Topsoil.
Inspection consists of visual examination to determine that
appropriate materials are used and that the washing b. Rock Blankets.—The rock fragments used in rock
operation is properly performed; that is, the materare  blankets should be essentially equidimensional, angular,
actually moved in the process. When sluiced-fill well graded from a maximum dimension equal to blanket
construction is used in lieu of vibratory- compaction thickness to about one-tenth of blanket thickressl
construction, relative density tests are required to ensurgound, dense, and durable. Elongated and thin slabs of rock
adequate densification. are undesirable, but rock fragments whose minimum
dimension is about one-third to one-fourth of the maximum
Compacted fill is sometimes specified to be compacted in alimension are not objectionable. Although angular rock is
thoroughly wet condition using equipment such asthe most desirable, subangular and subrounded cobbles and
pneumatic rollers, vibratory rollers, surface vibrators, orboulders are commonly used. While rounded cobbles and
tractors. Soils placed by this method must have a relativelyooulders have been used as riprap in certain cases, their use
high permealiity for proper densitation. A density is more appropriate for blankets on flat surfaces. Testing
requirement is specified and is based on relative density. and placement of rock blankets are discussed in more detail
in section 3-24 on riprap.
3-8. Linings and Blankets .—
Grading of riprap and other large stone can be performed in
a. General.—In earth construction, many situations accordance with ASTM procedure D-5519-94 [4]. The
require constructing a relatively thin layer or blanket of procedure allows for determination of grading by volume,
selected material. These categories include: mass, or a combination of volume and mass. On critical
projects, it may be necessary to specify testing and provide
e Layer of riprap on the upstream slopes of earth damdor testing facilities such as concrete pads and scales.

e Sand and gravel blanket under riprap Generally, blasted rock that has an appreciable quantity of
o Rockfill blankets or blankets of gravel or topsoil on fragments near the maximum size requirement will possess
the downstream slope of dam embankments a satisfactory gradation. The condition to avoid is an excess

« Filter blankets under the downstream portions of damof small-size fragments. Fine material such as rock fines,
embankments and under the floors of concretesand, and rock dust, in a volume not to exceed the volume
structures of the voids in the larger rock, may not be objectionable,

¢ Impervious blankets on the floors of reservoirs depending upon the purpose of the blanket.

e Channel linings for canals

e Linings and covers for hazardous waste disposalSoundness, denseness, and durability requirements may vary
areas somewhat according to usage. The highest quality rock is

required for protection of slopes in stilling basins. The
Base courses and surfacing on roads or highways, andoundness requirements for riprap on dams may vary
ballasting for railways, are considered to be in this categorysomewhat according to reservoietéh and operating

characteristics; rock size, to some extent, can be substituted
A common requirement of these types of blankets is propefor high density. Protection of downstream slopes of dams
selection; that is, locating and using suitable materials.can be accomplished with any rock that does not break down
Sources of material that have established characteristics arappreciably by normal exposure to weather. Shale is about
in ample quantity for the various blanketing requirementsthe only rock that is unacceptable for downstream slope
should always be determined before construction. protection of dams.

A requirement of all blankets is carefullapement. ¢. Sand and Gravel Blankets.—The characteristic of
Requirements may vary widely according to the type andsand and gravel mixtures to allow passage of water, while
location of blanket placement, but uniformity and thicknessat the same time preventing passage of soil grains, is
are extremely important in every case. On the basis oéxtensively used in the design of water retaining structures.
material used, blankets may be divided into four types: The properties of resistance to displacement by flowing
water, resistance to wear from vehicular traffic, and
maintenance of strength and limited volume change over a
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large range of water contents, make sand and gravel useful e Stable when placed on the sides of canals and
in providing surface protection to canal banks, roads, and reservoirs
working areas in the various facilities of irrigation and
power projects. The wide range in gradation possible inProbably the best material for these purposes is a well-
sand and gravel mixtures, together with the wide range irgraded gravel with clay (GW-GC), which offers both
structural materials to be protected, results in a wide rangenpermeability and excellent erosion resistance. A clayey
of acceptability for the materials used for sand and gravefgravel (GC) material or a silty gravel (GM) material is also
blankets. However, blankets under the downstream portiorsuitable.  Materials in other soil groups can be used
of an earth dam embankment must be designed as a filteraccording to the engineering use chart, table 1-4 (ch. 1).
When satisfactory soils are not available, processing soil by
Pervious blankets under concrete structures usually arblending or protecting the fine-grained soil with a blanket of
made as thin as possible. This condition makes processingand and gravel is necessary.
of material from natural deposits almost a necessity so as to
produce the specified gradation of material. Two-layer filter Blankets and linings to be permanently underwater need not
systems are frequently used. meet erosion resistance and shrinking and swelling criteria.
Blankets and linings placed on essentially horizontal
Sand and gravel used as base courses and surface coursesarfaces need not possess high stability characteristics.
roads, highways, and switchyards are normally processe#iowever, an impervious blanket beneath a reservoir may
material. Materials used for surface courses differ fromrequire a filter beneath it to prevent piping of the blanket
pervious blankets for other uses in that a certain amount ofnaterial into the foundation.
clayey material is considered desirable to bind the material
together and, in some instances, is actually added tdhickness of impervious blankets is usually controlled by
improve the quality of surface courses. placement procedures. However, at high reservoir heads,
thickness greater than the minimum required for
Pervious blankets used to prevent erosion in canal channelsonstruction operations may be required. Also, where some
require a material predominantly in the gravel range.swelling or shrinkage is anticipated, thickening impervious
Appreciable quantities of sand are undesirable, and, in somblankets may be desirable so an effective thickness of
instances, removal of fine sand may be required. A sandblanket (unaffected by swelling or shrinkage cracks) is
layer may be required between a coarse gravel layer and thmaintained. For canal linings, thickness generally is varied
subgrade to prevent movement of fine subgrade soildepending on design requirements; availability of lining
through the gravel. Materials for a pervious gravel blanketmaterial may affct thickness, and consttion methods
and materials for an impervious blanket may be combinednay need to be revised to attain desired engineering
to provide an erosion-resistant impervious blanket. Usually,properties.
filter criteria are not important in impervious blankets.
Construction and inspection requirements are similar to
Crushed rock may be used for any of the above-describethose for rolled earthfill and blended earthfill.
purposes. Crushed rock is a processed material that can be
manufactured to fulfill specifications requirements. e. Topsoil Blankets or Zones.—Topsoil blankets or
zones sometimes are specified for downstream slopes of
Sand and gravel or crushed rock blankets usually arelams so slopes can be seeded to protect the underlying zone
densified by equipment compaction using vibrating against wind and rain erosion. Topsoil for restoring borrow
equipment or operating smooth rollers. They may be placedreas or other areawhere existing topsoil has been
either dry or thoroughly wetted. Inspection is commonly by destroyed or removeds specified to fulfill ecological and
visual examination, but gradation and relative in-placeenvironmental requirements.
density tests may be required in some cases.
Normal topsoil sources are materials stripped from required
d. Impervious Blankets and Linings.—Ilmpervious excavation for the dam and appurtenant structures and
soils are used on reservoir floors and in canal channels tapproved stripping from borrow areas. Generally, it is not
reduce seepage. Material for these purposes must be: feasible to borrow topsoil. Consequently, suitable materials
from stripping, which would otherwise be disposed of as
e Impermeable waste material, should be selected during excavation and, if
e Free from shrinking and swelling characteristics necessary, stockpiled for later use.
¢ Resistant to erosion from flowing water
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Normally, specifications require a 0.3-m (1-ft) normal low compressibility is required. The materials used must be
thickness for topsoil blankets; thus, areas requiring topsoifree-draining sandy and gravelly soils. When high stability
should be brought to within 0.3 m of the prescribed finaland low settlement are design requirements, this type of
cross section at all points and finished smooth and uniformbackfill is often preferred over compacted backfill of clayey
before topsoil is applied. Topsoil should be evenly placedand silty soils because of the ease and economy of
and spread over the graded area and compacted in twglacing—particularly in confined areas. For example, when
layers. good support is required under and around concrete pipe,
the material can easily be made to flow and can be
Occasionally, for dams requiring topsoil, it will be compacted to high density in theitaral area beeath the
advantageous and economical to specify a thin topsoil zoneipe and between the pipe and trench surfapesviding
for downstream slope protection. A prime advantage is thaproper procedures are used for wetting and vibrating the
excavated topsoil can be placed concurrently with the rest ofnaterial. A fill of clean sands or gravels is specified often
the embankmenteliminating the requament for  for use under pumping plants and other structures when
stockpiling. When a topsoil zone is specified, constructionnecessary to improve the bearing capacity of soft foundation
and inspection requirements are similar to those for rolledsoils. This improvement is accomplished by removing the
earthfill. soft materials and replacing with selected backfill to spread
the load onto lower strata. Also, cohesionless free-draining
In most cases, seeding of topsoil on downstream slopes isoils are preferred as backfill adjacent to some structures
required; thus, topsoil should be selected from requiredwhen excessive surface settlements are undesirable or when
excavation or from a stockpile so the most fertile soil isspace is limited.
obtained. Topsoil must be free of excessive quantities of
large roots, brush, rocks, and other objectionable matterGenerally, comaction of these soils is accomplished by
Topsoil should not be placed when the subgrade is frozen opneumatic rollers, vibratory rollers, tractors, surface
in a condition otherwise detrimental to proper grading andvibrators, or internal vibrators.
seeding.
Proper selection of materials is particularly important when
3-9. Backfill .— compacting using saturation and internal vibration.
Excessive amounts of fines will fill the voids between
a. General.—Backfill is earthfill in confined spaces, coarser particles and will prevent drainage. Table 3-1
such as refilling operations about concrete structuresprovides information for preliminary selection of soils
Refilling opeations associated with embankment, suitable for compaction using saturation and vibration.
construction work adjacent to the concrete structure and in
other confined areas may be called special compaction rather
than backfill. Backfill operations may be divided into three ~ Table 3-1.—General suitability of soils for compacted
categories: (1) backfill, (2) compacted backfill of clayey backfill by saturation and internal vibration
and silty soils, and (3) compacted backfill of cohesionless
free-draining soils.

Soil type Limitation®

GW, GP, SW, SP All soil types are suitable.

b. Compacted Backfil —Compacted backfill covers Fines in these soils are limited
two types of materials and compacting operations. fiféte to less that 5 percent by
is compaction ofclayey and ity materials of low definition.
permeability. These soils are used for backfilling structures GW-GM, GW-GC May or may not be suitable,
when seepage is to be limited or if drainage is not required. gp-gMm, GP-GC depending on gradation and
Normally, this type of backf is compacted by tamping plasticity.

rollers when space is available or by powampers in
confined areas. Generally, the soils are compacted a
optimum moisture content and to a given percentage of the
laboratory maximum density.

t SW-SM, SP-SM, Test section may be required.
SP-SC Fines are limited to 5 to
12 percent by definition.

SM, SC Normally unsuitable.
The secondtype of compacted backfill uses cohesionless
free-draining soils of high permeability. These soils are
used around or under pipelines and structures when free
drainage is desired or when a bedding or a foundation of

! Fines are particles smaller than U.S.A. Standard 75 um
sieve (No. 200).
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3-10. Excavation .—Materials for embankment or shown on figure 3-3. A thorough materials investigation for
lining construction are obtained either from required an earthfill dam resulted in the most economical benefit to
excavations or from borrow pits. Materials from required use the upper clay-silt-sand portion of the deposit for the
excavations should be incorporated into embankment oimpervious zone and the lower silt-sand-gravel portion for
lining construction to the maximum extent possible. Whenthe pervious zone, thus eliminating the need for another
materials from required excavations can be used, the samigorrow source with its subsequent additional development
practices should be followed as in borrow-pit excavations. costs. When impractical to salvage upper layers, they are

classed as stripping and wasted even though the layers may
Organic material such as plant growth and decayingbe thicker than is normally considered applicable to
vegetable matter should be removed from the surfaces o$tripping.
borrow pit within borrow areas before initiating excavation.
Depth of stripping varies according to the nature of groundin highway and canal construction, where the normal
cover—from 50 to 75 mm (2 or 3 in) for prairie grasslands method of excavation is by scraper, a lower limit to the
to 600 to 900 mm (2 or 3 ft) in valley bottoms and foresteddepth of cut is not required. In all other excavations, cut
areas. The removal of all material containing grass and tredepths less than 0.2 to 1.5 m (4 to 5 ft) are avoided for
roots is not necessary. The fine hair roots of grass and treeconomic reasons unless deficiency of material dictates
roots less than 6 mm (1/4 in) in diameter are normallysmaller cuts. Except in situations where separation between
considered not sufficiently detrimental to justify wasting two different types of material is desired or in which
material containing minor amounts of this tea controlled blending is required, maximum depths are usually
Excavating an area greater than required, in ondimited by the range of excating equipment. However,
construction season, is inadvisable because of recurrinthe maximum depth of cut may be limited by the presence
weed growth. The minor amount of weed growth that mayof bedrock or hardpan and, except for sand and gravel
develop during the latter part of a construction season on axcavation, by location of the water table. In stratified
stripped area is usually considered unimportant. borrow areas, excavation must be made so that every load

delivered to the point of use contains a mixture of the full
Occasionally, deposits of impervious soil are covered withdesignated depth of cut. Extra mixing on a stockpile or on
a layer of boulders; often, sand and gravel deposits ar¢he fill may be required.
covered with a layer of silt and clay. Such a deposit is

C. Foundations

3-11. General.—If conditions in soils supporting a To supplement judgment, test procedures have been
foundation could be completely described as a result ofdeveloped for evaluating foundation soils. Such tests should
subsurface investigations and designs were preparetiave been performed during the investigation program;
accordingly, field inspectieaduring constructiorwould be comparison by means of index tests and visual examination
reduced to merely determining that dimensional between tested and untested areas will usually suffice to
requirements of designs weratisfied. However, even a establish adequacy. Additional tests may be required during
thorough investigation program leaves the majority of construction.
foundation soils and rock unexplored.

Conditions for which adequacy of foundation soils should be
Because of the variety of conditions that may be encounteredstablished include bearing capacity, stability, ettlement,
in natural soil deposits, a complete set of guidelines foruplift, deterioration, and permeability. The degree to which
judging adequacy of foundation soils is impossible toeach of these items is important depends on the nature of the
provide. Individual judgment based largely on experienceproposed construction, character of foundation soils, and
must be used. The first objective in developing experiencestructural characteristics of the foundation.
is to enhance one's ability to discriminate between sound
and unsound fouradion soils. In practice, this means 3-12. Bearing Capacity .—Foundations for rigid
classifying foundation soils as adequate, inadequate, andtructures are usually evaluated on the basis of bearing
guestionable for the type of structure being built. Initially, capacity. Bearing capacity in this sense involves both shear
most cases seem to fall in the questionable category; budtrength of the soil and its consolidation characteristics.
with increasing experience, the number of cases decreaseBearing capacity may be determined in the laboratory by
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shear and consolidation tests on undisturbed samples dn determining stable slopes, a great deal of information can
approximated in the field from in-place dry density tests, be gained from examining previously excavated slopes and
standard penetration tests, vane shear tests, cone penetrativetural slopes in similar soil in tharse geographic area.
tests, borehole shear tests, or pressuremeter tests. Stable slopes in sand and gravel are independent of height

of cut, but are very dependent on local ground-water
The design of rigid structures should include the type ofconditions. Likewise, safe cuts in saturated clay are
foundation treatment required based on informationdependent on cut slope height and relatively independent of
available from the investigation program. Where foundationslope. Because most soils are combinations of sand, gravel,
soils appear to be the same as those disclosed at locationsanid clay, safe cuts will be controlled both by height and by
the investigations, they may be assumed to be equallglope. Evaluation of natural slopes should consider that the
competent. If soil cortlons are disclosed that are safety factor against failure is variable and that any increase
observably different from those disclosed by previousin slope (i.e., placing fill at the top of a slope or excavating
investigations, the lateral and vertical extent of this differentat the toe of the slope) results in reducing the safety factor.
condition should be determined before constructionTherefore, a natural slope should be steepened as little as
continues. possible.

One should be aware that a pocket or lens of harder ofhe presence of water has a significant effect on slope
firmer material in foundation soils can be equally asstability. This can be in any combination of seepage,
detrimental as softer deposits. Therefore, common practiceainfall, or water being conveyed or stored. An example of
is to specify that if such material is encountered, it will befailure of a natural slope (landslide) is shown on figure 3-4.
removed to some depth and be refilled with compacted soiExcessive moisture was allowed to enter the soil, and
to provide a more uniform soil deposit at foundation grade.removing soil at the toe of the slope for constructing a
This requirement should include beds, layers, or lenses oftilling basin may have triggered the slide. Where an
indurated gravel or sand, shaledurated clay, hardpan, excavation cuts across the ground-water table, sloughing
caliche, and other erratic cemented deposits such amay occur. To overcome this condition, the usual practice
calcareous or siliceous material. The most desirable soils to remove ground water from the area before excavation
deposit for a structural foundation has a uniform characterpy any combination of well points, deep wells, or sump
and a moderate amount of additional excavation to developumps. Figure 3-5 shows well points and sump pumps used
such a condition is usually justifiable. in trench excavation; figure 3-6 shows removal of ground
water using drainage ditches and sump pumps. Damage to
3-13. Stability .—Excavation for a foundation can be a slope may result from high hydraulic gradients produced
divided into two parts, the base and the side slopes. Exceffity seepage. Where pumping is not practical, excavations
for structures such as chutes of canals and spillways, thenay be accomplished by making repeated cuts, which result
load of the structure rests on the base of the excavation anith gradually lowering the hydraulic gradient as ground water
settlement usually limits development of full shear resistances drained away. The success of any method is dependent on
of foundation soils. Consequently, stability of the base ofa thorough knowledge of ground-water behavior and of local
an excavation may not present a problem. However,soil conditions.
foundation excavations adjacent to bodies of water or
directly above water bearing strata should be investigatedVhere permanent cut slopes intersect the ground-water
for loss of support caused by artesian pressure. table, some type of treatment is usually necessary to prevent
slope failure or sloughing. Required treatment involves
For most construction, cut slopes should be determined bynoving the free surface of the water table back from the
practicing geotechnical engineers using data available fronface of the slope or controlling theater as it exits the
the investigation program together with appropriate analyseslope. This may be accomplished either by drilling drainage
and design experience. Federal, State, or locaholes into the slope, excavating and placing drains in the
requirements must be considered in thdec®n of slope, or protecting the surface of the slope with free-
excavated slopes. Use of slopes not previously analyzed airaining materials such as a gravel or rock blanket on
pre-established should be discouraged because of the maggosynthetic drainage materials. Unless the potential for
variables involved in determining stable slopes such as soifeepage is high, a rock or gravel blanket will usually
type, ground-water conditions, depth of cut, and intendedsuffice. A blanket 0.3 to 0.6 m (1 to 2 ft) thick placed on
use. Both experience and engineering analyses are requir@dgeosynthetic fabric or granular filter could be used in such
for this determination. cases that are discovered during construction because cost
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igure 3-5.—Cutoff trench at Davis Dam in Arizona.
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e —

Figure 3-6.—Cutoff trench at Twin Buttes Dam in Texas.

is relatively small. Where material in the slope is well Erosive action from flowing water in a canal or wave action
graded and free draining, a blanket will develop naturally inin a reservoir is potentially the most severe type of water
many situations, and special treatment may not be neededlamage.  Protection involves flattening of slopes or
protection with gravel or rock blankets placed on
Rainwater damage commonly takes the form of surfaceappropriate granular filters or geosynthetic materials
erosion. Preventive measures may include: depending on the severity of the potential damage.
Situations exist where sloughing of slopes is not particularly
¢ Divert surface runoff away from slopades with  important such as in borrow pits within the reservoir area.
small collector ditches a short distance back from theSuch slopes should be flattened sufficiently to reduce the
intersection of the slope with the ground surface.  hazard.
e Install surface sodding or blanket with a thin layer of
gravel or rock on a layer of geosynthetic fabric. Situations may arise where selection of slopes is controlled
e Construct ditches to carry water off laterally from the by criteria other than stability alone. For example, some
slopes. state highway departments use cut slopes closely
e Steepen the slopes, as long as the slope remainapproximating natural slopes as a method of drift control for
stable. sand and snow. Some state highway departments require
flattened slopes for grass cutting equipment. In some canal
However, when rainwater can infiltrate foundation soils to work, 2h:1v slopes are specified (depending upon the types
produce a rise in ground-water levels and resultant seepagef materials) instead of the more conventional slopes to
both the sodding and slope steepening procedures magninimize maintenance and to provide more stable channels.
actually be detrimental and, therefore, should not be used isometimes, slopes are flattened in connection with earth
conjunction with a seepage condition without an adequatedams and high canal fills to distribute stresses caused by
analysis of the situation. high embankments.
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3-14. Settlementand Uplift .—If a structure isnoton frost action in cold climates and with water available. The
bedrock or supported by means of piles, piers, caissons, susceptibility of gravelly and sandy soils varies with the
walls, the structure must be capable of withstanding som@mount of fines. Silts and clays, with a plasticity index of
vertical mowement in the foundation soils. The usual less than 12, and varved silts and clays are particularly
method for reducing such movement to within acceptablesusceptible to frost action.
limits is by spreading the base or footings of the foundation
so that unit pressures are reduced. Collapsible/low density soils can result in sudden settlement

of a foundation upon wetting (see sec. 3-17). This condition
Uplift of structures may occur from several causes such ass particularly severe in very arid portions of the Western
hydrostatic forces, wetting of expansive soils, and frostUnited States, where these types of soils were usually
action. Structures and canal linings must be protectedleposited as Loess or as quickly deposited materials on the
against excessive upward movement. For light structuresputer limits of alluvial fans. More than 1 m (3 ft) of
such as chutes and lined canals, protection againstettiementis common inwidespread areas of collapsible/low
hydrostatic uplift must be provided. This is commonly density soils. The usual treatment for collapsible/low
accomplished by underdrains or drainage blankets of sandensity soil areas is to prewet the foundation areas for
and gravel and/or geosynthetic drainage materials. Whergeeks or months in order to precollapse the soils at depth.
possible, these drains will discharge into adjacent drainagdhe best method of prewetting is through ponding
channels or into the structures. For certain lined canals, thi§preferably with wick drains); however, other methods such
may require flap valves on outlets into the canal. Speciabs sprinkling, water jection, or dynamic compaction can
care should be taken to keep the drains open and thke effective. Explorations and analyses need to be
drainage medium free from contamination. performed in areas of potentially collapsible/low density

soils to determine the areal extent, depths, and percentages
Expansive soils may cause uplift upon wetting, particularly of collapsible/low density soils that can be expected.
when the loads are light, when the initial in place dry
density is high, and when the initial moisture content is low. Subsidence due to long-term fluid withdrawal is also an area
Usual methods for reducing movement of rigid structuresof potential stlement concern. Geraly, subsidence
are by using long friction piles or belled caissons attachedccurs at such a slow rate that foundations are not
firmly to the structure, by increasing unit footing pressures,immedately affected. However, the long-term use of a
or by removing expansive soils and replacing with structure, such as a canal, can be severely impacted. Again,
nonexpansive soils to a depth sufficient to control extensive explorations and analyses need to be completed in
movement. Flexible canal linings such as earth linings ororder to mitigate the effects of subsidence on the long-term
geomembrane linings are used in preference to rigid canabperation of a structure.
linings on expansive soils. In some cases, the structure load
is less than that of the original earth removed, and elastic  3-15. Deterioration .—The surface of excavated
rebound may occur. This is true, particularly when slopes in both soil and rock should be preserved in their
saturated expansive clays are involved. In some cases)atural state as much as possible. A cover of soil should be
where structural loads are small, as in canal linings,maintained over the excavated surface until final cleanup,
conditioning the expansive clay is possible by prewetting theand the structure or foundation should be placed
foundation and maintaining a moist condition so as toimmediately. Drying of the excavated sagé should be
minimize future expansion. avoided. Some indurated clays and shales will dry and

crack when exposed to the air and then turn into a soft
Frost action may also cause undesirable heaving and upliftslurry upon rewetting. When it is impossible to place the
The susceptibility of soil to frost action depends on: (1) soilstructure or foundation immediately after such surfaces are
type, (2) temperature conditions, usually expressed in termexposed, a spray-on cover of pneumatically applied mortar
of a "freezing index" (a summation of the degrees belowor other approved material has been satisfactory in some
freezing multiplied by the days of below-freezing situations.
temperatures), and (3) water supply. Uplift, from the
development of ice lenses in foundation soils, may cause 3-16. Permeability .—Water retention structures,
damage to such works as concrete canal linings, spillwayarticularly reservoirs and canals, depend on foundation
apron slabs, and other lightly loaded structures. Froskoils for a part of their water barrier. If access to a water-
action can also cause a decrease in the dry density ibearing stratum exists, either through the process of
compacted earth canal linings [5]. All soils, except thoseexcavation or from natural conditions, some corrective
classified as GW, GP, SW, or SP, may be susceptible taction is indicated. @ However, no soil formation is
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water-tight, and some ater loss can always be expected. further explorations and more positive methods of treatment
Movement of water from a reservoir or canal may result inmay be necessary. A sinkhole is shown on figure 3-7.
piping or excessive water loss. These problems can b&imilarly, in the excavation process, when bedrock surfaces
reduced by: (1) controlling the velocity of flow; are exposed (i.e., contain solution channels, open holes, or
(2) controlling the volume of flow; and (3) controlling exit cracks), such openings should be sealed with concrete or
conditions. The treatment required may or may not be théblankets of compacted impervious soil. An extensive
same for problems (1) and (2). grouting program may be required to seal the bedrock
surface.
Damage to foundation soils resulting from water movement
may be caused by gradual removal of soil particles either byn limiting water loss at dams, as a rule of thumb, at least
solution action or by mechanical movement. Solution action95 percent of the pervious cross-sectional area of the soil
is a problem only when foundation soils contain substantiafoundation must be blocked. However, where a soil
amounts of soluble minerals. foundation consists of zones (or strata) of differing
permeability, and 1 zone is more than 10 times as permeable
The existence of solutioning in a foundation can be a seriougas another, blocking of the more pervious zone is usually
problem. Whether such a condition involves primarily effective in reducing water loss even though it may be only
bedrock or soil solutioning can produce sinkholes ina small part of the total permeable area. When water
surficial soils. These sinkholes are often small in extent;conservation is required, a permeable strata only partially
and unless positive evidence is apparent that they arexcavated may be unacceptable. The strata may need to be
watertight, sinkholes should be stripped to sufficient depthcompletely cut off by continuing the excavation down to a
and filled with compacted impervious soil when they are lower elevation so that the entire permeable zone will be
found along canal alignments. In reservoir areas and danblocked, or by cutting the strata completely off by use of a
foundations, cut off wall, or other similar means.

Figure 3-7.—Typical sinkhole.
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Similarly, on canals, any lined reach should be extended t@ame soils in another climate may be deemed undesirable or
cover the entire reach of a pervious stratum. Consideratioeven suitable depending upon the climate and the availability
should be given to fully lining (or using pipe) all constructed of suitable soils. In other words, the shortcomings of a soil
water conveyance systems. Thorough justification iscan often be overcome through prudent design.
required for using an unlined waterway. A study considers:

For most structures, unless the deposits of unsuitable

¢ Value of water saved materials prove extensive, avoiding these materials for use
e Operation and maintenance cost in structural support may prove economical and satisfactory.
e Required drainage The more common methods to avoid using unsuitable
¢ Right-of-way materials include:
¢ Allowable velocities
e Structure costs e Removal and replacement with compacted select
e Cost of various types of lining correlated with other material
conditions e Full penetration with piles, piers, caissons, or walls
e Amount of tillable land removed (for canal alignment e Displacement; that is, remove a mass of material
and because of seepage) equal to the mass of the structure

The unit value assigned to each item varies with locallf feasible, the structure can be relocated to provide better
conditions; therefore, the amount of water ladwed soil conditions. Treatment with additives may also be
before lining a canal may vary considerably in different effective for some soils.
areas.

b. Topsoil.—As in borrow deposits, the usual practice
In constructing long canals, explorations are oftenis to remove topsoil from below all foundation elements.
insufficient to reveal fully all pervious strata that will be Topsoil in this sense is the surface layer of material
intersected. Where pervious canal reaches are encounterechntaining decaying vegetable matter and roots. Removing
an impervious lining should be considered provided that:all soil containing fine hairlike roots is unnecessary but is
(1) suitable material is available, and (2) slope and right-of-required of the rather heavy root mat. On prairie topsaoil,
way limitations will permit. If space limitations, availability which contain light grass cover 50 to 75 mm (2 or 3 in),
of suitable impervious materials, or other considerationsstripping will suffice. Agricultural lands are stripped to the
indicate a requirement for another type of lining, or for a bottom of the plowed zone, usually 150 to 250 mm (6 to
more expensive lining, appropriate authorities should bel0 in). Valley bottom lands and brush-covered land

consulted. commonly require stripping up to 0.6 or 0.9 m (2 or 3 ft)
for removal of inadequate material. Forest land requires
3-17. Unsuitable Foundation Soil Conditions .— removal of stumps, resulting in stripping requirements of 1

or more meters.
a. General.—Materials normally considered unsuitable
for foundations include: c. Swamp Deposits.—Marshlands, river backwaters,
lakebeds, and flood flow deposits are included in this
e Organic matter such as topsoil, swamp deposits, orcategory. Foundation soils formed by these deposits contain
peat appreciable quantities of vegetable matter, clay, silt, or sand
e Low density materials such as loose deposits of silt,lenses deposited in water.
sand, loess, talus deposits, spoil piles, and dumps
e Some clays classified as highly plastic, active, Shallow deposits should be removed; however, deposits may
sensitive, or swelling be deep, and their depth and extent should be established
e Soils in a soft and saturated condition before adopting a method of treatment. Relocation is
recommended to avoid such deep deposits, particularly
Whether a soil is deemed unsuitable depends upon severalhere roads, canals, pipelines, or transmission lines are
factors. Most important is the type of structure beinginvolved. For dams, powerplants, and similar large
contemplated. Another important factor is the geographicaktructures, such materials may be excavated and wasted or
location of the intended structure. For example, some soilsised for topsoil; for bridges, pumping plants, and medium-
may be determined to be unsuitable in one climate, while theize structureswhere a water barrier is not requiredlly
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penetrating piles are commonly used. Sometimes, adequat m (20 ft) high. However, dry, low density silty soils
structural performance can be obtained by excavation taequire removal or prewetting to support a structure. Figure
firmer material and placing and compacting a pad of selec-8 shows cracking and settling of a canal bank in dry, low
material. density silt after filling the canal.

d. Siltand Sand.—While dense silt and sand deposits Foundation soils composed of low density materials and wet
generally will be satisfactory, low density deposits of thesesilts must be removed for earth dams and for fills higher
materials may be undesirable. Usually, such low densitythan 6 m (20 feet). For foundation soils of dry, low density
materials are found as surficial deposits occurring as loesssilt, either removal or consolidation by ponding is required
sand dunes, sandbars in stream channels, alluvial fans, ar$ shown on figure 3-9. Consolidation of saturated sands
deltas at the head of reservoirs and lakes. The surfacean be facilitated by draining water from the soil.
layers of soil subject to frost action are low density in some
areas. Rigid structures usually are not founded on loose silts and

sands. These materials are either removed or consolidated,
Low density, poorly-graded sand, silts, and gravels that ar@®r footings or piles for the structures are extended to firmer
saturated and located in an seismicallyive region are  material. Normally, designs will show the method to be
highly susceptible to the phenomenon of liquefaction whenused.
disturbed by vibration. Many slope and bearing capacity
failures have occurred during earthquakes because od#Vhere loose sands or silts occur in foundation soils of water
liquefaction in low density materials. retention structures, such as canal banks and dams, lining or
cutoffs are indicated. Permeability and the value of water
Loose sands and wet silts will consolidate quite readily wherare usually the basis for determining the need for treatment.
loaded and may not require special treatment when used fok long canal may require treatment for a soil condition that
flexible structures such as road fills and canal banks up tavould not need treatment for a short lateral construction.

¥/ - i P %a
Figure 3-8.—Cracking and settling of canal bank in dry, low-density silt.
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Figure 3-9.—Ponding dry foundation of Trenton Dam in Nebraska.

e. Talus and Spoil Piles.—The term "talus" describes e shrinkage and swelling characteristics as noted by
the buildup of soil and rock debris at the base of a slope. their tendency to shrink and crack when drying.
Generally, such deposits consist of low density materials
and seldom provide adequate support for any structure mordlso, a relationship appears to exist between moisture
important than a simple roadway. The usual treatment is t@ontent and strength of clays. Criteria for identifying
remove the talus. Excavations into talus deposits are likelyexpansive clays are given in chapter 1.
to be unstable if cut slopes are appreciably steeper than the
natural slope of the talus deposit. g. Soft or Saturated Soils.—Almost any soll

foundation is reduced in quality when it ¢aims large
The processes used for disposal of excess or unsatisfactogmounts of water. An apparently firm dry foundation soil
materials in spoil piles are similar to the processes by whichmay become unstable when saturated. Foundation soils
talus deposits developedo the two have similar subject to saturation may be protected by either preventing
characteristics. Spoil piles and talus deposits should not bevater from entering the soil through use of drains to divert
used for support of any structure without thorough surface runoff or by removing water that reaches the soll
investigations, testing, analysis, and design. using underdrains, drainage blankets, or relief wells.

Structures whose foundation soils will be permanently

f. Highly Plastic Clays.—Clays that create foundation underwater are designed against hydrostatic uplift.
problems have one or more of the following characteristics:

Because of the difficulty in preparing and inspecting soils

e plasticity indexes greater than 25 percent, located beneath the water table. Typically, specifications
e colloid content greater than 20 percent, contain provisions that require dewatering of foundation
e high sensitivity, and soils before excavation. However, some work in water is
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generally necessary when constructing cofferdams, pumpgonsistency can be excavated in long trenches with
sumps, and drains. These structures should be kept awdyackhoes, draglines, or clamshells (see fig. 3-10).
from planned excavation surfaces so the surfaces will not b€lamshells can be used in a wider range of deposits and can
damaged by the construction or by the action of dewaterindbe used to excavate "cells" or "panels." Material with
facilities. Saturated materials can be damaged by permittingocklike consistency can be excavated with chisels or rock
an upward flow of ground water into the excavation or by mills with hardened cutterwheels. Rock mills are most often

permitting heavy equipment traffic in the area. used to make cells or panels for cutoff walls (fig. 3-11).
Reclamation has applied slurry wall technology to existing
3-18. Foundation Improvement Technology and dams and new dams. An interesting application of slurry

Dam Rehabilitations .—Undesirable foundation conditions wall technology for a new dam was performed at Diamond
can sometimes be alleviated bgdtment in [ace. New  Creek Dike, where an embankment was built with a sand
technologies have been developed to remediate foundatiopore which was later cut with a slurry wall for installation
problems [6, 7]. As part of the safety of dams program,of a SCB backfill to provide the water barrier or "core"
Reclamation has had to re-examine many of its olderzone inthe dike. This construction method was selected due
structures. These examinations have revealed foundatioto a shortage of clay borrow and to accelerate embankment
concerns at many structures including excessive seepage asdnstruction.
possible piping; collapse of dry, low density abutment sails;
and potentially liquefiable soils during earthquake shaking.Design considerations for slurry wall applications should
Many dams have been rehabilitated using groundinclude determination of the geologic and geotechnical
improvement methods [8]. These ground improvementconditions, establishment of the hydraulic conditions,
techniques are also applicable to foundations for newrequirement of the design flow per unit surface area,
structures. This section contains a brief discussion ortetermination of the wall size and geometry, and design and
several ground improvement methods, and their apgitgab  determination of the properties of the backfill material.
to new or existing foundations is given. For more details on
these technologies, consult references provided. Quality control issues with slurry walls include verticality,
caving, foundation contact and connection of panels or cells,
Each method of ground improvement has unigue advantagegermeability, compressive strength, and voids or windows
and disadvantages relative to the ground conditiong9]. Additional quality controlissues include excavation and
requiring improvement. In many cases, differing methodsrepayment balance, width and depth measurements, and
can be combined to overcome disadvantages of the methoddeaning of foundation contacts. During construction of
and benefit from the positive aspects of each method. Foslurry walls, sounding déses can be dropped into the
example, at Steinaker Dam, Reclamation desired to treaslurry to sound the width of the trench to determine if
dirty sands and silts with dynamic compaction. Wick drainscaving has occurred. Fresh SCB backfill material cylinders
were used in combination with the dynamic compaction tomay be cast for compressive strength testing. The heat of
effectively treat those soils. Another example is Jacksomeutralization test can be used to check cement contents
Lake dam where a block treatment approach was usedl10]. Samplers can be used to check for clean foundation
Dynamic compaction was used for shallow treatment undeicontact conditions prior to backfilling. Drilling, water
the center of the dam, while mixed-in-place, soil-cementtesting, and drill coring programs are often employed to
columns in a honeycomb pattern at depths up to 90 feetheck backfill quality. However, if the backfill material is
were placed under the toes of the embankment. The use @feak (less than 200 IbAn(1400 kPa), core recovery may
the two combined methods resulted in satisfactory groundde difficult and precautions must be made to avoid wall
improvement to preclude liquefaction failure. fracture. Cross borehole tomographic P wave imaging can
be used to look at wall integrity and guide investigations.
a. Slurry Walls.—Slurry walls can be used to provide
positive cutoff for new dams or can be installed to alleviate  b. Fill Loading with Sand or Wick Drains.—Fill
seepage problems in existing dams. A deep trench ifoading has long been used to consolidate soft silty and
excavated with various types of equipment, depending orclayey deposits for embankments. The time required for
the depth and consistency of the soil or rock. The trench isonsolidation can be determine by consolidation theory. In
supported with bentonite or biopolymer slurry. Backfill past practice, vertical sand drains were constructed to
materials can range from soil/cement/bentonite (SCB)accelerate the process. Recently, synthetic wick drains have
mixtures to structural grade concrete. Often, slurry wallbeen developed to replace sand drains. The wick drains are
backfill is designed with strength and deformation propertiesplastic drainage elements enclosed in a filter fabric. Wick
similar to those of the surrounding soils. Material with soil drains are installed by vibratory pile driving equipment.
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Figure 3-10.—Schematic drawing showing slurry wall construction methods—backhoe and
clamshell excavation and surface backfill method. (Hayward Baker, Inc.)

These drains are also a useful complement to othesufficient There are a number of case histories documenting
densification methods such as dynamic compaction. the use of deep dynamic compaction to remediate
seismically sensitive embankment foundations [11].
Design considerations for wick drain application include
establishing the geologic/geotechnical site conditions, Effective treatment depth is usually limited to depths
determination of the driving and installation methods, testingbetween 9 and 10 m (30 and 35 ft), depending on foundation
of undisturbed samples for consolidation rates and strengthssoil types, ground-water conditions, site geometry, weight
determination of proper spacings, depths, and types of draidrop patterns, equipment, and equipment sequencing.
elements, and determination of the required foundationDynamic compaction is typically used at sites with
properties and fill loading times. nonplastic materials. The potential for effective treatment
becomes less for sites having soil horizons with high fines
Quality control testing depends on the application. For fill contents (greater than 20- to 30-percent fines). Effective
loading to improve soft clays, piezometers are oftentreatment of sites having soils with high fines content can be
installed to measure excess pore pressure dissipation overchieved by installation of wick drains or other drainage
time. Field strength tests, such as vane shear or lab testigatures prior to deep dynamic compaction.
can be used determine strength gain over time. When
drains are combined with other ground improvementDesign considerations include determination of the
methods, there may be no quality control test needs othegeologic/geotechnical conditions, evaluation of water control
than assurance of proper placement. for working pad, procuring backfill material, determination
of the drop weight, height and pattern, and determination of
c. Dynamic Compaction.—Dynamic compaction can monitoring parameters such as penetration resistance testing.
be a relatively low cost method for increasing the densities
of foundation soils. Dynamic compaction has been used tdQuality control issues include crater depths (mapping),
treat low density, potentially liquefiable and collapsible surface heave or settlement monitoring, hammer energy,
soils. Weights (steel or concrete) of up to 35 tons arepore water pressure buildup, and vibration monitoring.
repeatedly dropped from heights of up to 30 m (100 ft) in aControl testing for dynamic compaction can include load
pattern across a site to create high intensity surface impactesting, piezometric monitoring, penetration testing, shear
(fig. 3-12). Cranes are generally modified from standardwave velocity determations, and soil sampling for
configuration to accommodate the heavy weights used teevaluation of engineering properties.
perform dynamic compaction. Weights are dropped in
patterns and sequencestiudensification is judged to be
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Figure 3-11.—Slurry wall construction using panel excavation and tremie placement—view of a hydromill and
crane with 75-cm (30-inch) x 3-m (10-ft) clamshell—Twin Buttes Dam modification.
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Figure 3-12.—Photograph of dynamic compaction showing crane, weight, and impact pattern (Hayward
Baker, Inc.)
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d. Vibratory Densification.—There are many forms of vary with the nature of the treated materials and those
vibratory densification which can be used to improve introduced during construction. Columns are typically
foundation conditions. These include vibro-compaction orconstructed in triangular or rectangular grid patterns, at
-replacement, vibrating probes (vibrating rods with small center-to-center spacings of 1.5 to 3 m (7 to 10 ft), and are
diameter columns), and blasting. generally 1 m (3 ft) or greater in diameter.

1. Vibro-Compaction/Replacement (Also Known Vibro-compaction and replacement methods using water can
as Vibroflotation and Stone Columns).—Loose foundation  have substantial containment and/or cleanup costs during the
soils at some damsites may be densified for low to moderateonstruction, compared to dry methods. It may be
costs by inserting a type of vibrating tube or probe into thenecessary to handle large quantities of excess mud, water,
foundation at a variety of depths and locations across the sitgilt, sand, and gravel, depending on the final construction
(fig. 3-13). Water and/or aijets may be used to aid methods specified, foundation and construction material
insertion of the vibratory probe and densification of types, ground-water conditions, and site surface
surrounding soils. The effectiveness of these vibro-characteristics.
compaction methods depends upon soil type (gradation) and
depth, spacing of treatment, vibration levels, backfill added 2. Vibrating Probes (Small Diameter Vibratory
(if any), and pore pressure response during treatment. Ii€olumns/Drains; i.e., TerraProbes, Vibrorods, Vibro-
general, these methods are effective in treating cohesionlessing).—Small diameter [less than 0.5 m (1.5 ft)] columns
soils with less than 20 percent fines [7]. For soils higher inor drains may be constructed in loose soils, densifying them
fines content, stone columns are used to improve the soil.through displacement, vibration, and the intrcghn of

sands or gravels in the process. In addition to densifying
In the vibro-replacement method, sand and/or gravel can bsurrounding soils, the small diameter columns that result
introduced into the foundation during the compaction also improve pore pressure dissipation and provide some
process, which displaces and intrudes into soils around thancrease in shearing resistance. Columns are usually spaced
probe, resulting in densification of foundation soils. on close centers, generally less than 1 m (3 ft), in
Introduction of sand or gravel can also improve porerectangular or triangular patterns. This method is moderate
pressure dissipation and improve shearing resistance of th® high cost when compared to other foundation
treated zone. The probe is repeatedly withdrawn andmprovement methods. As the depth of required foundation
inserted at the point of treatment to maximize foundationincreases to around 21 m (70 ft) or greater, this method may
improvement. This process results in construction of abecome more cost effective as equipment limitations begin
"column” in the foundation, the characteristics of which to impact the effectiveness of other methods.

Figure 3-13.—Schematic drawing of vibro-replacement—backfill can be added by top feed
(illustrated) or bottom feed methods. (Hayward Baker, Inc.)
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There is little data available to evaluate the performance ofo construction of a new embankment. An example of
dam foundations remediated by this method. There no arélasting at the Jebba damsite is given in the references [12].
data from testing of posttreatment hydraulic conductivity in This method has been used in ground improvement projects
treated foundation materials versus embankmentwhere rubble and large boulders preclude the use of other
performance during earthquake shaking. Posttreatmentibratory methods.
testing of dam foundation densities has also not been
completed. Therefore, this method should generally beDesign considerations for blasting should include
considered as an economical secondary defensive desigietermination of geology and geotechnical properties;
feature, counting primarily on the columns to improve poreevaluation of charge size, burial depth, charge spacing,
pressure dissipation during an earthquake. Series ofumber of coverages, and surface settlements; evaluation of
columns can be used adjacent to areas treated by otheequired performance parameters; evaluation of blasting;
methods to prevent high pore pressures from adjacen&nd vibration safety requirements.
untreated areas from adversely affecting the treated zone.
This method has been used in the design and construction dfypical verification testing includes piezometric
seismic remediations for Mormon Island Auxiliary Dam measurements, penetration resistance tests (SPT, CPT,
near Sacramento, California. Typical control tests forBPT), shear wave velocity determinations, and undisturbed
verification are penetration resistance tests, shear waveampling. Settlement is usually monitored.
velocity, and undisturbed soil sampling.
e. Grouting and Soil Mixing.—Numerous technologies
Design considerations for vibratory ground improvementexist for grouting and soil mixing in ground improvement.
methods should include determination of the geology andThe most common of these technologies include compaction
geotechnical properties, establishment of groundgrouting, jet grouting, and soil mixing [13].
improvement requirements, selection of optimum vibratory
ground improvement miebd(s), evalation of ground 1. Compaction Grouting.—This method of soil
settlement, determination of backfill properties and locationdensification utilizes a low slump mortar grout (usually O to
of backfill sources, and establishing baseline data for quality50 mm (0 to 2 in), that is injected under high pressures (2.1
control testing. to 4.8 mPa, 300 to 700 IbAn to form a series of grout
bulbs that displace and compact loose foundation soils
Quality control issues for vibratory ground improvement between and adjacent to the bulbs.
include column locations, spacing and verticality, energy
input required, and quantities of backfill placed. The cost of compaction grouting, when compared to other
methods of foundation improvement, is moderate to high.
Acceptance testing for vibratory ground improvement is The relative cost of compaction grouting becomes more
primarily based on penetration resistance testing, standardconomical when treating identifiable thin lenses or layers
penetration tests, cone penetration tests, or Beckewhere treatment of competent overlying layers is not
penetration tests. Improvement in shear wave velocity canequired, or in small areas adjacent to structures.
be determined. Undisturbed samples can be procurred to
evaluate density and moisture changes. Stress levels ar@ompaction grouting is often used in tunneling and
modulus changes can be evaluated with a flat plateunderpinning operations for settlement and deformation
dilatometer or pressuremeter. It is wise to never baseontrol. The method is rarely used in the construction of
acceptance on a single test. Acceptance should be based earth dams but has been used to remediate older dams.
average properties, not minimum or maximum properties. Prior to selection of congetion grouting for ground
improvement associated with dam embankment foundations,
3. Blasting.—Blasting, when used as a foundation the following issues need to be considered:
improvement method, densifies soils as a result of shock

waves, vibration, limited liquefaction, displacement, e Compaction grouting may not be practical on the
remolding and settlement in thes&ited soils. This is a downstream side of an embankment since a series of
relatively low cost foundation improvement method but impermeable grout bulbs, while not interconnected,
results in nonhomogeneous soils may be erratic. It is also might impair drainage in the downstream direction.
difficult to assess any potential damage that may occur to, This could adversely impact embankment stability

or beneath, an existing embankment or an appurtenant during static or dynamic loading.
structure. The use of blasting as a foundation improvement e For remedial seismic designs of embankments that
method is much more likely to be practicable for sites prior might use compaction grouting as a method of
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foundation treatment, it is recommended that Columns and panels can be interlocked to form walls, to
compressive strengths and shearing resistanceutoff/reduce seepage through a foundation, or form cells
provided by grout bulbs should be carefully within a potentially liquefiable foundation. The cost of jet
evaluated. How the individual grout bulbs respond in grouting can be relatively high when compared to costs of
treated dam foundation materials during strong other foundation improvement methods, depending on the
seismic shaking is presently not well understood. design goals of foundation remediation and the distribution
and type of soil to be treated.
Design considerations for compaction grouting should
include definition of the geotechnical parameters andDeep soil mixing methods can also be used to construct
structure interaction considerations, location of the columns, walls, or cells of fairly precise final dimensions,
compaction zones, definition of densification parameters,in materials ranging from sand to clay. This method utilizes
estimation of grout volumes required, and development ofhollow stem auger flights and mixing paddles, which are
a plan for sequencing along with monitoring programs.  advanced into the soil, while grout is pumpedtigh the
tip of the auger. The auger flights and mixing paddles mix
Quality control testing includes monitoring of grout the grout with the surrounding soils during penetration to
consistency (slump and compressive strengths), pressuratesign depth and withdrawal. The cost of deep soil mixing
and volumes injected, amdeasurement of ground heave. relative to that of other foundation improvement methods is
On critical programs, site-specific evaluation of grout bulb moderate to high.
effectiveness may be made. After installation, settlement is
monitored and the improvement in soilsjaaént to the  Jet grouting or soil mixing methods may introduce
columns can be monitored with penetration tests (SPT,jmpermeable elements into the dam foundation that may
CPT). Increases in stiffness and horizontal stresses can kaversely affect embankment stability (especially on the
monitored by flat dilatometer and pressuremeter tests.  downstream side of a dam). In several cases, these methods
have been used as cutoff wall elements for dams. In seismic
2. Jet Grouting and Deep Soil Mixing.—Jet strengthening applications, the stress-strain compatibility of
grouting is performed in foundation soils by high pressure,the columns with encapsulated or adjacent foundation soils
and high velocity jets of water and/or air, which "excavate"is poorly understood (use of compressive strengths or
the materials, inject them, and mix them with some type ofshearing resistance should be closely scrutinized in any
stabilizer (fig. 3-14). This procedure can be used to analysis). Finally, ground motions reaching an embankment
construct columns of improved soil in a wide variety of may be amplified through these stiffer elements, resulting in
foundation soil types (gravels, sands, silts, and some clays)stronger shaking of the dam.

Cirilling Jei grouting Soikerete column Repstition af
slans under canstruchion Ine process
o

L, L

iy

-

Figure 3-14.—Schematic drawing of jet grouting process showing
construction of columns. (Hayward Baker, Inc.)
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Design considerations for jet grouting and soil mixing provide insight as to volume of the treated area and
include determination of the range of soils to beated, conservative assessment of in situ characteristics. Core
required stabilizing additive dosage through trial mix designsamples are often procurred from cured columns, and
studies, reasonable strengths and permeability that can bmmpressive strength is evaluated. Water testing can be
obtained, treatment areas and depths and volumes, amkrformed in boreholes, but there are often problems with
required performance parameters and quality analysis angroper location of the holes for reliable tests. Records of
control monitoring plans. treatment methods (columns installed, volumes injected) are
maintained to monitor production and document

Typical field testing consists of either waste or fresh columnconstruction.

sampling of the soil additive mixture. Waste sampling can

D. Embankment Dams

This section provides information according to Reclamationcutoff feature should provide an adequately long percolation
practices in the early 1990s. Clearly, the designer acquirepath through both the embankment and the cutoff feature.
expertise as knowledge and experience develops, technologyhere the embankment is founded on or near bedrock,
advances, and investigation and construction practiceScurtain” grouting and "blanket" grouting are usually
improve. Reclamation publishes a seri@ssign Standards  necessary to extend the cutoff into rock. Closing of joints
No. 13-Embankment Damst is periodically updted and  and other openings in bedrock is usually necessary and is
reflects the latest technologyesign Standards No. 13 accomplished by injecting grout (under pressure) to form a
should be consulted for detailed information on the aspectgurtain cutoff. Comparatively shallow low-pressure

and components of embankment dams [14]. grouting ("blanket grouting") may be used to seal near
surface fractures in the rock beneath the impervious
3-19. Foundation Treatment .— foundation area.

a. Design Features.—An embankment dam is often Two general types of cutoff trenches are (1) sloping-side
the most feasible type of structure for a particular damsitetrenches and (2) vertical-side trenches. Depth, location, and
because of @latively poor foundation conditions that are type of cutoff trench used depend on the nature of
unfavorable for rockfill or concrete dam construction. foundation materials and on their permeability. Common
Embankment dams are frequently founded on alluvialpractice for foundations, with bedrock at a shallow to
deposits that consist of layers of varying thickness of coarsenoderate depth, is to excavate a sloping-side trench located
sand and gravel, silts, or clays before bedrock is reachedat or upstream from the centerline of the crest of the dam.
Deeply weathered or faulted rock may also be encounteredfor trenches located upstream, the trench centerline
in embankment dam foundations. Foatidns of thick parallels the centerline of the dam crest across the valley
deposits of windblown silts and fine sands present especiallfloor but converges toward the crest centerline as it extends
difficult problems. Foundation design must consider threeup the abutment so that the cutoff is fully beneath the
main problems: (1) seepage, (2) stability, and (3) control ofimpervious zone of the embankment. When bedrock or an
deformation. impervious stratum is relatively close to the surface, the

cutoff trench may be widened to the full width of the
Cutoff trenches, cutoff walls, or combinations of trenchesimpervious zone of the embankment. Sometimes, the entire
and walls are most commonly used in foundations ofembankment is founded on bedrock when the top of bedrock
permeable materials. These cutoffs are designed to stop thg located at a shallow depth. Where bedrock cannot be
flow of seepage water or to lengthen the path of percolationeached economically, the cutoff excavation is extended
under the dam. Blankets of impervious material that extenceither to a stratum of relatively impervious material or to a
upstream from the impervious zone of a dam on thedepth that will provide the desired length of the seepage
reservoir floor and cover all or part of the abutments arepath. Care must be exercised when analyzing a dam
sometimes used for lengthening the percolation path. foundation to ensure that liquefiable materials are not left in

the foundation.
Cutoff features are typically located at or upstream of the
centerline of the crest of the dam beneath the imperviou$loping-side cutoff trenches are excavated using front-end
zone of the embankment. The location and design of théoaders, shovels, backhoes, draglines, or scrapers. The
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excavation is backfilled with selected impervious materialsFoundation grouting is a process of injecting suitable
equivalent to the impervious zone in the dam embankmengrouting materials into the underlying foundation through
and compacted in the same manner afedoearthfill specially driled holes of sal or fill joints, bedding planes
embankment material.  Properly designed filters andseams, fissures, or other openings. Grouting may be done
transitions must be provided between the downstream facaith neat cement (the most common method), mixtures of
of the cutoff and alluvium (or rock surfaces) to preclude anycement and sand, or cement mixed with bentonite or other
piping into foundation alluvium (or bedrock). Rock clay. In special cases, chemical or bituminous grouting may
surfaces must be shaped to provide gradually changindpe used. The adopted program may consist of grouting
surfaces and must be treated to seal fractures ([14], ch. 3plong a specified line or multiple lines to create a deep,
relatively impermeable curtain; comparatively shallow or
Vertical-side trenches may also be used as cutoffs. In somélanket" grouting over wider portions beneath the
instances, the depth of a sloping-side cutoff trench may bémpervious zone of the foundation area; or both. Every
extended by continuing the excavation as a narrow trenclioundation presents a unique grouting situation that depends
with vertical side walls. Vertical-side cutoff walls require on composition and nature of the material and on the
special design and construction techniques where the twgeologic structure. Figure 3-15 is a geologic section of an
types of trenches are connected or where the wall connectsbutment of a dam showing a grout curtain.
to the base of the impervious zone. Sometimes, vertical-
side cutoff walls are used near the upstream toe of a dam dn foundations of unlithified permeable materials, the path
in conjunction with upstream impervious blankets in which of percolation can be increased by constructing a blanket of
case they must be connected to the impervious zone of theompacted impermeable material upstream of the dam.
dam. Use of cutoff walls has increased in recent year®8lankets are usually used when cutoffs to bedrarkto an
because of improved technology and constructionimpervious layerare uneconomical because of excessive
techniques. There are basically three types of vertical-sidélepth. Sometimes, they are used in conjunction with
cutoff walls: (1) soil-bentonite slurry-trench cutoff wall, partially penetrating trenches designed to increase the length
(2) concrete cutoff wall, and (3) cement bentonite/plasticof the path of percolation. The topoghy just upstream
concrete cutoff wall (see sec. 3-18a). from a dam and the availability of impervious materials are
important factors in the design of blankets. The length of
In addition to forming cutoffs, concrete walls are sometimesupstream extension is determined by desired reduction of
used to treat certain geologic features such as faults ovolume of seepage and of hydraulic gradient. In zoned
fractured zones. Particular geologic features may requirembankments, the blanket must extend beneath the upstream
placing short, independent wall sections at certain locationshell as a continuation of the central, impervious section.
on the abutments or within the river channel. ConcreteBlankets may be constructed to cover either or both
cutoff walls may be required: abutments or particular abutment areas. The blanket
thickness will vary with permeability of the material and
e When bedrock is hard, but intensely fractured andwith the head of water. Filters may be necessary to prevent

irregular piping of the impervious blanket layer into the foundation.
e For bedrock dipping steeply, especially on the
abutments Methods for improving foundation stability include:
e Across shear or fault zones
e Across weathered zones e Removal of unsuitable material
e Preconsolidation by dewatering or by irrigation and
Careful consideration must be given to foundation contacts loading

in the design of an embankment. Any continuous void e Adequate drainage of the downstream toe by means

spaces caused by lack of intimate contact between the of drainage blankets and filters, toe drains, and relief

impervious portion of the embankment and the foundation wells to avoid piping and to reduce hydrostatic

may result in dangerous seepage. Overhanging rocks and pressures

undesirable material should be removed; slopes should be e Construction of stabilizing fills to prevent

flattened and smoothed to permit embankment materials to displacement of the foundation

bond properly to the abutments. In thin core dams, the e In place densification

impervious section may be widened at the points of contact

with the abutments. The minimum requirement for foundation stripping is
removal of vegetation, sod, topsoil having high organic
content, and other unsuitable material that can be removed
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CHAPTER 3—CONTROL OF EARTH CONSTRUCTION

by opencut excavation. In cases where overburden ifoundation soils and head loss. Two, or more, layers of
comparatively shallow and composed of soft clays, loosedifferent sizes of sand and gravel may be required to prevent
fine sands and silts, or extremely pervious sands angiping and to provide adequate drainage capacity. Another
gravels, or liguefiable materials, the entire foundation areamethod to relieve hydrostatic pressures near the downstream
of the dam may be stripped to bedrock. toe of an embankment or high pressures beneath impervious
foundation layers in the vicinity of the downstream toe is by
In special cases, ater may be added to the foundation by installing vertical relief wells. The purpose of the wells is
irrigation to cause consolidation. Dry loessal (wind to relieve excess water pressure in the foundation, and
deposited) soils and other low density silty soils have beenhereby prevent formation of boils and heaving or piping.
successfully treated by this method. Sometimes, the entire
foundation area is saturated and preloaded to caus@&oe drains are commonly installed in a trench along the
consolidation and stabilization of otherwise unsuitabledownstream toe of a dam as part of the filter or drainage
foundation materials when the cost is less than theblanket to collect and convey water to measuring sy
alternative of excavating and replacing the material withPerforated concrete, high density polyethylene, or other
selected borrow material. Usually, such treatment istypes of pipe may be used for the drains. Beginning with
accomplished by staged construction of the embankment. small diameter pipe laid along abutment sections, the lines
progressively increase in size; with lines of maximum
Loose, fine sand deposits below ground-water table haveliameter being placed across the valley floor. Toe drain
been successfully consolidated by deep compactiorpipe must be laid in a trench of adequate depth and grade to
techniques such as compaction piles and dynamide effective. Drainpipe is encased in a filter (usually sand)
compactior-usually in conjunction with dewatering. and drain material (usually gravel) to prevent piping of
Sometimes, these procedures are usedett tiquefiable  surrounding material into the drain. Access points should
sands and silts (see sec. 3-18). be installed along the drainpipe and outlet line for inspection
and maintenance and, if desirable, at other locations for
The purpose of dewatering is to permit construction in theobservation and measurement of the amount of seepage
dry and to increase the stability of excavated slopes. Cleanyater and detection of any piping. The function of drains
coarse to medium sands can be readily dewatered. Cleaiis to allow uninhilited escape of seepage water, thereby
fine sand can be dewatered with some difficulty. Dirty, preventing saturation and consequent reduction of stability
fine, medium, and coarse sands are difficult to dewater.of the downstream embankment and foundation of the dam.
Silts andclays require extraordinary methods to dewater. Toe drains, placed sufficiently deep in the foundation keep
Usually, dewatering consists of drains, drains with sumpsthe ground-water level low, preclude high exit gradients,
deep wells, and wellpoints either alone or in combinationsand prevent formation of boggy areas near the downstream
for maximum effectiveness [15]. Dewatering shall maintain toe of a dam.
a sufficiently low water table to allow for satisfactory
excavation and backfill placement. Dewatering systemsTo make foundations of low strength materials suitable as
must be carefully designed to ensure the adequacy of thsupport for a dam, stabilizing fills are often used to provide
system. If sufficient effort is not made in dewatering, mass at the upstream, downstream, or both toes of a dam.
foundations can be damaged, excavation safety can b€&hese fills act to restrain foundation materials from
jeopardized, and costly construction delays can occurdisplacing under load by increasing the normal effective
Reclamation has taken a proactive approach of designingtress across potential failure surfaces. The depth and
their own dewatering schemes in certain critical situations taextent of these fills depend on the properties of the
avoid costly construction delays. foundation materials.  Stabilizingill§ are geneally
contiguous and integral with embankments.
Preventing all seepage under a dam is not possible.
Inevitably, water will escape somewhere in the vicinity of b. Specifications Provisions.—During construction,
the downstream toe. When foundation materials in that arediversion and care of the river (stream, or surface runoff) is
consist of or contain appreciable quantities of fine sandsan important factor in the design of an embankment dam.
silts, or clays that may be carried awdy water escaping Figure 3-16 shows a temporary diversion channel through
under pressurea filter or drainage blanket is provided. an embankment dam. Specifications require that the
The filter is constructed of selected materials designed t@ontractor's plan for diversion be approved, or the diversion
satisfy filter criteria. The filter allows the necessary passagelan should be provided in the specifications.
of water but prevents movement of fine soil particles from
the foundation. A filter design accounts for grain sizes of
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Figure 3-16.—Temporary diversion channel through Bonny Dam, Colorado.

Underwater excavation for the foundation of a rolled foundation contact. Placement of drains that will be left in
embankment dam is not permitted. The contractor isplace should be very carefully contesl and must be
required to unwater the foundation in advance of excavatingneticulously filled with grout to avoid leaving any potential
an embankment cutoff trench. The unwatering is requiredeakage paths. The layout of these drains should be

to be accomplished in a manner that will: carefully planned so that the contact of the impervious zone
is never penetrated, transversely, by more than one-third of
e Prevent loss of fines from the foundation its width. The distance between the ends of transverse
e Will maintain stability of the excavated slopes and drains from opposite sides of the impervious zone should be
bottom of the cutoff trench no closer than one-third the width of the pervious contact.
e Will result in all construction operations being
performed in the dry The requirements for excavation of embankment foundation

provide that the area to be occupied by the embankment
Dewatering is to be continuous until the excavation has beeshall be excavated to a sufficient depth to remove all topsaoil,
filled, except that in filling the cutoff trenches, the ground rubbish, roots, vegetable matter of every kind, and all other
water may be permitted to rise within 1.5 m (5 ft) of the top perishable or objectionable material that might interfere with
of the compacted embankment aftedestst 3 m (10 ft) of  proper bonding of the embankment with tleeindation.
fill have been placed in the dry. This provision enables theEarth foundation surfaces are to be prepared by leveling and
contractors to remove the majority of well points if they userolling in the same manner as specified for placing
that type of dewatering process. Usually, it is impracticalembankment materials. Rock foundation surfaces are to be
to prevent water from seeping out along the contact of thecleaned of all loose and objectionable materials. Foundation
cutoff trench slopes with the foundation. Hence, somesurfaces of shale and other materials that tend to slake or
surface drains are needed to ensure that backfill is placed ilmosen on contact with air are to be cleaned just before
the dry. Open-jointed or perforated pipe drains surroundeglacing earthfill materials or protected from moisture
by gravel and leading to sumps can be used to dry up thehange. All foundation surfaces are to be moist but free
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from standing water. Figure 3-17 shows a foundation beingpockets that cannot be compacted by the specified roller

prepared by excavation and water jetting to remove loosenstead of permitting unusually thick first lifts to obtain a

rock and to smooth the impervious foundation prior to uniform surface for compaction. Figure 3-18 shows

placing earthfill. compaction of earthfill (zone 1) near the foundation contact
with a pad foot roller at &lamation's Jordanelle Dam,

c. Control Techniques.—The weak points in  Utah.

embankment dam construction are generally found within

the foundation at the foundation contact with the On steep, irregular rock abutments, wetter-than-optimum

embankment and at the contact of the natural ground surfaceaterial may be necessary or desirable to obtain complete

with placed embankment. Construction of foundation and proper bond. The rock surface should be properly

seepage control and stability features included in the desigmoistened. Rock abutments should be shaped by excavation

must be carefully supervised by the inspection force toor dental concrete to allow commgion by pnematic tire

ensure compliance with specifications. Dewatering methodsquipment or rollers directly against the tawot. The fill

used in connection with the excavation of cutoff trenchessurface should be sloped or ramped to about 1v:6h near the

and for stabilizing foundations should be carefully checkedfoundation surface to direct the force of the pneumatic roller

to verify that fine material is not being washed out of the wheel towards the foumtion surface. Tamping by hand

overburden materials because of improper performance obperated equipment should be avoided. If absolutely

drainage wells. To avoid creation of a "live" bottom due to unavoidable, when hand-held compactors are used, care

upward flow of water, continuous pumping may be must be exercised to ensure that bond is created between

required. successive layers of material. This may require light
scarification between lifts of tamped material.

Where overburden is stripped to firm material, the

foundation surface (including all pockets or depressions)  3-20. Compacted Earthfill .—

should be carefully cleaned of soil or rock fragments before

placing the embankment. This may require handwork water  a. Design Considerations.—Rolled embankment dams

or compressed air-water cleaning or both.lea@ing is  vary considerably in proportion and physical characteristics

particularly important beneath the impervious zones.of soils from which they are constructed. Some dams

Surfaces that disintegrate rapidly on exposure should beontain essentially one kind of material and are called

covered immediately with embankment material or anhomogeneous impervious structures, while others are

approved protective covering. If stripping operations constructed of zones of sand, gravel, rockfil, and

indicate the presence of unstable or otherwise unsuitableniscellaneous soils in a variety of quantities and locations

material, test pits should be excavated for furtherwithin the fill, in addition to an impervious zone. The

exploration, and generally this material will require impervious matdals includeclays (CL and CH), clayey

removal. sands or gravels (SC or GC), and silty clays (CL-ML).
Occasionally, more pervious materials such as silts (ML)

Before placing the first layer of impervious zone material onand silty sands or gravels (SM or GM) are used in the

an earth foundation, the foundation surface should bempervious zone. This impervious zone of earthfill, usually

leveled, moistened, and compacted. Foundation surfaces @esignated zone 1 in Reclamation dams, provides the water

firm material should be moistened, but standing waterbarrier and is common to all lfed embankment dams.

should not be permitted when the first lift imged. An Homogeneous dams are virtually nonexistent in modern day

earth foundation surface may require scarification by disksdam engineeringfor dams of any size. Internal filters and

or harrows to ensure proper bonding. When the foundatiordrains are always provided except for extremely small dams.

can be penetrated by tamping roller feet, scarification is not

usually necessary. Where the surface would be damaged by controlling construction of impervious earthfill zones, the

penetration of the tamping-roller feet, a thicker layer of following design criteria must be satisfied:

earthfill may be permissible for the first compacted layer, or

the first layer may be compacted with rubber-tired (1) The material must be formed into an essentially

(pneumatic) rollers. However, the first layer should not homogeneous mass free from any potential paths of

exceed a thickness that will prevent attainment of the  percolation through the zone or along the contacts with

specified density and should never exceed 400-mm (15-in)  the abutments or concrete structures.

loose lift. When thicker lifts are placed, additional roller (2) The soil mass must be sufficiently impervious to

passes are usually required to ensure that proper compaction preclude excessive water loss through the dam.

is attained. Special compaction methods should be used in
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Figure 3-17.—Foundation preparation for the impervious (zone 1) foundation at Jordanelle Dam, Utah. The workman near
the backhoe is using a high pressure mixture of air and water. The backhoe has a metal plate welded across its bucket teeth
to provide a smooth edge for scraping. Inspector in right center, and impervious fill shown in foreground (July 1990).

248



CHAPTER 3—CONTROL OF EARTH CONSTRUCTION

Figure 3-18.—Earthfill (zone 1) compaction by a model 925 C Caterpillar pad foot roller.
Also, notice filter upstream of zone 1 being compacted by a vibratory roller. Filter is over
weathered fracture zones in the foundation rock (July 1990).
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(3) The material must not consolidate excessively undercontractor's operations must be such that earthfill material

the weight of superimposed embankments. delivered on the embankment is equivalent to a mixture of
(4) Differential settlement that would cause shear planesnaterials obtained from an approximately uniform cutting
must be avoided. from the face of the borrow-pit excaon. When

(5) The soil must develop and maintain its maximum necessary, separation of oversized material from the earthfill
practicable shear strength. is specified.

(6) The mateal must not consolite or soften

excessively upon saturation. The specifications prohibit placing frozen soil in the

embankment or placing unfrozen material upon frozen
These design objectives are achieved by proper use afmbankment. The maximum allowable difference in
equipment and methods of borrow-pit conditioning, elevation between zones during construction is specified.
excavating, placing, compacting, and foundation shaping. The Government controls all openings through the
embankment, limits the slopes of bonding surfaces, and
To satisfy design criteria of imperviousness, low requires careful preparation of sloping surfaces before
consolidation, and resistance to softening, a high density isdditional material is placed. Slopes of bonding surfaces in
desirable. However, to control development of pore earthfill material usually are limited to 4h:1v or flatter.
pressure-which would reduce shear strengénd to avoid  Each load of embankment material must beced in the
formation of slickensided layers, which may become pathdocation designated by the Government.
of percolation, material that is too wet must be avoided.
Based on knowledge of available materials gained fromSpecifications provide for placing earthfill only on
exploration and testing, the designer will specify moisturedewatered and prepared foundations. All cavities within the
control requirements near laboratory optimum moisturefoundation area are to be filled. Materials to be used for
content. The inspector should observe the fill placementarthfill are described. In placing earthfill, distribution and
operation to ensure that specifications requirements argradation of material must avoid lenses, pockets, streaks, or
satisfied and that an adexia fill is obtained. The plan of layers that would prevent homogeneity of the fill. If the
control of the impervious earthfill for high dams must be a earthfill material contains only occasional cobbles or rock
compromise that will result in a proper balance among allfragments, provisions are made to remove such cobbles or
the design criteria. Experimentation with different rock fragments over 125 mm (5 in) from the fill before
moisture-density control procedures may be necessary toolling. When an appreciable percentage of oversize is
obtain proper deformation properties of earthfill (zone 1). known to exist in the source of earthfill matdr a
For example, the California Department of Water Resourceseparation plant is specified, as shown on figure 3-19.
compaction control procedure was used at New WaddelWhen a separation plant is required, separation may be
Dam, Arizona to obtain deformation properties slightly specified on either the 75- or 125-mm (3- or 5-in) size.
stiffer than standard Reclamation laboratory tests wouldEarthfill placement is to be in approximately horizontal
have yielded. layers not more than 150 mm (6 in) in compacted thickness.
Fill surfaces that are too dry or too wet are required to be
b. Specifications Provisions.—The specifications for  reconditioned before additional materials are placed.
open cut excavation require that all suitable excavated
materials shall be used for permanent construction.Moisture control provisions of earthfill require uniformity
Materials suitable for earthfill must be excavated separatelyf water content throughout the entire layer before and
and in the same manner as those fill materials excavateduring compaction. Water content of a soil is limited to a
from borrow areas. Provisions are made for directrange based on design considerations. In general, the
placement of materials in the embankment or for average water content will be near the standard Reclamation
stockpiling. laboratory optimum moisture content or, in some cases,
near optimum of an alternative moisture-density control test
The specifications designate which borrow areas to use fosuch as the California Department of Water Resources
earthfill material and provide Government control for both compaction test. The contractor is required to perform all
location and extent of borrow activity to obtain suitable operations necessary to obtain the proper water content by
materials. Designated borrow pits within a borrow area ardrrigating or draining borrow pits, by performing
required to be cleared and stripped of unsuitable materiasupplementary sprinkling on the fill, and by working the
and are to be irrigated or drained to obtain the proper watematerial in the borrow area or on the fill prior to
content before excavation. The contracting officer compaction.
designates the depth of cut in all borrow pits; the
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Figure 3-19.—Separation plant at Meeks Cabin Dam in Wyoming.

Tamping (sheepsfoot) rollers are generally required forThe specifications provisions for control of placement water
compacting earthfill. However, many other acceptablecontent and compaction must be implemented by
rollers have ecently been developed and used. Ifleero establishing procedures to ensure their attainment. Prior to
other than the specified roller is proposed, a test fill shouldconstruction of earthfill, all information available from field
be constructed to ensure that the proposed roller willand laboratory investigations is analyzed and reviewed in
perform adequately. Normally, the tampindlep is dill light of design considerations to formulate tentative control
specified. The size, mass, feet arrangement, and safefgrocedures. Specitimiting moisture tests are performed
features of the drums are specified. The number, locationpn representative samples of materials to be used in high
length, and cross-sectional area of the tamping feet arembankment dams for determining placement conditions that
described. The contractor is required to keep tlaeesp  will prevent development of excessive pore-water pressures
between the tamping feet clear. The number of passes afuring construction and for settlement of the loaded soil
the roller on each layer of material is specified. Provisionswhen saturated by water from the reservoir. Based on field
are made for situations where materials are too dry or to@nd laboratory investigations and on experience with similar
wet. Where rolling with a specified roller is undesirable or soils, the Denver Office will recommend placement
impractical, provisions are made for special compaction bymoisture limits and minimum density for representative
tampers or other equipment and for procedures that willtypes of materials.

obtain the same degree of compactness as the rolling

process. Figures 3-20 and 3-21 show the operations of c¢. Control Techniques.—Although fill conditions are
placing, spreading, conditioning, and compacting earthfill. approximated by laboratory tests, it is always necessary to
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Figure 3-20.—Earthfill operation on impervious zone at Reclamation's McPhee Dam, Colorado. Selfpropelled tamping
compactor and disk plow in the foreground. Dart and Caterpillar belly dumps hauling and placing impervious fill
in the center of the photo. Contact between filter/drain chimney can be seen on right side (July 1983).

check planned control against actual results obtained on thmost applicable procedures for the rolled earthfill portion of
embankment and then to make any required adjustmentembankment may be determined during the initial stages of
This is done by careful observation and analysis ofconstruction. Results of field density tests made on test
operations, control test results, and embedded instrumentsections will provide the necessary information for
especially during the early stages of earthfill construction. establishing construction control procedures consistent with
design requirements. Figure 3-22 shows a test section under
In structures where unusual conditions are present, theonstruction using a pad footller to compact zone 1 at
specifications may include provisions for the contractor toNew Waddell Dam, Arizona.
construct one or more test sections of earthfill material. The
purpose of a test section is to determine the most effectivéfter proper placing procedures have been determined from
excavating, processing, placing, and compaction procedurethe embankment test section or from initial placing
for representative soils under jobsite conditions. By varyingoperations when test sections are not required, construction
placement procedures within certain limits, by exercisingcan proceed at full scale. Throughout construction, the
rigid control over the relatively small volume of the section, contractor's operations must adhere strictly to limits and
and by maintaining complete, accurate records of tests, theonditions set forth in the specifications and to
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Figure 3-21.—A view of McPhee Dam under construction. Upstream is to the left. Zoning can be clearly seen.
From the left: gravel and cobble fill shell; impervious zone 1; zone 2 filter material; zone 2a drainage material; and
downstream gravel and cobble fill shell.

recommendations made by the design engineering staff. A e Water content of borrow material
complete record of all operations must be kept so the most e Methods for correcting borrow material water content
efficient methods may be perfected. Relationships between if too wet or too dry
laboratory compaction curves and field roller curves e Roller characteristics
obtained by analysis of control test results are shown for e Number of roller passes
three dams on figure 3-23. ¢ Thickness of layers
e Maximum size and quantity of rock in the material
The most important variables affecting embankment e Condition of the surface of layers after rolling
construction are: o Effectiveness of power tamping in places inaccessible
or undesirable for roller operation
e Selection of materials in the borrow area
¢ Distribution of materials on the embankment to To maintain control of earthfill construction, an adequate

obtain uniformity number of inspection and laboratory personnel are essential.
¢ Placement water content, and uniformity of this For each shift, ateast one inspector should be on the
moisture throughout the spread material embankment and one technician in the laboratory. Borrow
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operations on small jobs may be inspected by thepit is impractical because of potential changes in water
embankment inspector. On a large project, an inspector isontent caused by (1) rain2) mixing or separation
required at the borrow pit, especially when moisture controloperations, and (3) evaporation. However, an effort should
is critical. On large prects, addional inspectors and be made to have the excavated material as close as possible
technicians may be required in all areas. to the desired water content before delivery to the
embankment. In some cases, specifications will require that
The borrow-pit inspector selects the areas in the borrow piho more than 2- to 3-percent water can be added on the fill.
to be excavated, determines the depths of cut, and specifies
the zone of the embankment where a particular materiallhe foregoing inspection principles also are applicable to
should be placed according to an approved distribution planstructural excavations where materials are to be placed
The inspector checks adequacy of any mixing or separatiomirectly in the embankment or are to be first processed or
methods performed by the contractor and, as required, thetockpiled. Figure 3-24 shows the cut face of a borrow pit
inspector cooperates with the contractor in determining thevhere mixing of soils is accomplished during excavation;
amount of moisture to be added (or removed) to the borrowiigure 3-25 shows another method of excavating that
pit to attain proper water content in the materials prior toproduces a good mixture from a layered deposit. Also,
placement. Moisture content determinations of borrow-pitfigure 3-3, shows a cut face of a borrow pit in which
materials should be made well in advance of excavation s@ontrolled excavation allowed material from the same pit to
that corrective measures can be taken promptly. be used for two separate embankment zepesvious and
impervious.
The difference between laboratory optimum water content
and borrow-pit water content can be determined byThe embankment inspector should determine the location
USBR 7240: Rapid Method of Construction Confrohs and elevation of tests made on the embankment and record
a rule, to adjust to the final moisture content in the borrowthe location of the contractor's operations. Horizontal
control, or station and offset, should be established.
Vertical control can be benchmarks and hand levels and
stadia rods used to establish elevations on the fill. When

6 7240: Performing Rapid Method of Construction Control.
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Figure 3-23.—Average field and laboratory compaction curves.

materials are brought onto the embankment, the inspectocompaction. For initial placing operations, the test section
must verify placement in the proper zone, as indicated bywill have determined the proper spread thickness of a layer
the approved distribution plan. Lines of demarcation can bevhich will compact to specified thickness; this specified
painted on rock abutments or marked by colored flags. = compacted thickness should never be exceeded. A method
for determining average thickness of placed layers is to plot
After materials are placed in the correct location, the(daily) a cross section of the fill at a reference station(s).
embankment inspector determines if the material containd'he inspector's report for that day will contain the number
the proper amount of moisture before compaction. Theof layers placed at that section; hence, average thickness can
rapid method of construction control (USBR 7240) will be determined.
determine whether supplementary water is required. When
materials arrive on the embankment too dratew can be  When oversize rock content is greater than about 1 percent,
added by sprinkling before, during, or after spreading. Theremoval of oversize rock from earthfill embankment
contractor's operations in sprinkling and mixing water with material is best accomplished prior to delivery of the soil on
soil will vary. However, regardless of the method used, thethe embankment. Smaller amounts of oversize rock can be
proper water content must be uniformly distributed removed by handpicking or, under favorable conditions, by
throughout the layer before compacting. various kinds of rock rakes. Generally, oversize rock,
which had been overlooked before rolling, can be detected
Another important inspection task is to determine theby the inspector during rolling by observing a bounce when
thickness of the compacted layer. A layer spread too thickhe roller passes over a hidden rock. The inspector should
will not have the desired density for given conditions of be sure that the contractor removes the rock from the fill.
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Figure 3-24.—A Holland loader excavating a vertical face mixing silt and fine sand deposits for
impervious fill at Reclamation's Calamus Dam, Nebraska (Sept. 1983).

The inspector must ensure that each lift receives theamethod should be checked periodically against values
specified number of roller passes. An oversight in obtained using the standard laboratory compaction of soils
maintaining the proper number of passes may lead tdest procedure (USBR 5500)If the degree of compaction
undesirable low densities. Insistence upon orderliness of fillof material passing the 4.75-mm (No. 4) sieve is at or above
procedures and the establishment of routine constructiothe minimum allowable percentage of laboratory maximum
operations will help to achieve the required number of rollerdry density and the water content is within allowable limits,
passes. the embankment is ready to be scarified and moistened, if

necessary, to secure a good bond between layers before the
The final check on the degree of compaction is determinediext layer is spread. Time required to obtain results of the
by field density tests (USBR205, 7220) and the rapid field density test by the rapid method should be about 1 hour
method of construction control (USBR 7240)The rapid  or less.

77205: Determining Unit Weight of Soils Indle by the Sand-Cone

Method.
7220: Determining Unit Weight of Soils In-Place by the Sand

Replacement Mébd in a Test Pit. 9 5500: Performing Laboratory Compaction of Sebs5-lbm
7240: Performing Rapid Method of Construction Control. Rammer and 18-in Drop.
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Figure 3-25.—Two model 992C Caterpillar front end loaders loading zone 4 (gravel and cobble fill) from borrow
into a model 540 Dart belly dump truck. This type of loading operation, with steep face of borrow area, can be
used to get a well mixed fill from a layered deposit. Jordanelle Dam, Utah (August 1990).

Mechanical tampingused around structurealong e Condition of tampers

abutments, and in areas not accessible to rolling equipment, e Air pressure (if air tampers are used the

should be carefully observed and checkedughouse of manufacturer's recommended pressures should be

frequent density tests. The procedure to be followed for maintained)

mechanical tamping depends greatly on the type of tamper

used. Some factors affecting density are: The embankment inspector must be alert for areas of low

density and have them remedied by sprinkling, scarifying,

¢ Thickness of layer being tamped removing, or rerolling, as required. An important function
e Time of tamping of inspection is to determine when and where to make field
e Water content of the material density tests. These tests should be made:

e Mass of tamping unit
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¢ In areas where the degree of compaction is doubtfulrepresentative of the degree of compaction being obtained.
eIn areas where embankment operations areSuch tests should be identified by the letter R.

concentrated
e For every 1,500 (2,000 yd) of embankment when Regardless of the number and purpose of other field density
no doubtful or concentrated areas occur tests, for large dams, one test is required for each 25,000 m
e For representative tests of every 25,0000 m (30,000 yd) of earthfill placed; the tests should be
(30,000 yd) of earthfill placed representative of the conditions of the fill. Percolation
e For "record" tests at all embedded instrument settlement tests and specific gravity tests are made on the
locations same sample; the tests should be identified by the letter R
¢ At least once during each work shift ("record"). Additional material must be excavated adjacent

to the field density test hole to obtain enough soil to make
Areas of doubtful density are sometimes detected by thehese additional tests.
inspector's observations. Insufficiently compacted locations
may include the following: "Record" tests are made at all instrument installations and are
recorded separately.
e The transition between areas of mechanical

tamping-or special compactierand rolled earthfill ~ Test pits should be excavated periodically during construction
embankment along abutments or cutoff walls to visually check the fill for:
e Areas where rollers turn during rolling operations
e Areas where too thick a layer is being compacted e Uniformity
e Areas where improper water content exists in a e Laminations
material e Contact areas
e Areas where less than specified number of roller e Moisture content
passes were made e Density

e Areas where dirt-clogged rollers are being used to e Interface zones
compact the material
e Areas where oversize rock has not been removed fronThe effect of rolling and of superimposed loading is
the fill evaluated by making field density tests as the test pit is
e Areas where materials with minor amounts of frost excavated. The degree of uniformity of moisture content
have been placed, or wereapéd at nearly &ezing  with depth is found by testing samples from various depths.
temperatures Visual inspection indicates whether successful bonding of
e Areas that were compacted by rollers that havelayers had been accomplished. As shown in figure 3-26,
possibly lost part of their ballast undisturbed samples should be taken periodically for
e Areas containing material which differ substantially laboratory testing to determine engineering properties and so
from the average comparisons can be made to values used in the design. The
pit should be photographed. During a seasonal shutdown
The number and location of field density tests should be suclperiod, test pits, as shown in figures 3-26 and 3-27 should be
that the extent of the doubtful area is determined. All testeexcavated in the compacted embankment to determine the net
made in areas of doubtful density should be identified by theresult of the season's operations. Any unusual conditions
letter D. observed in the embankment test pit hole should be reported.

When an embankment operation is concentrated in a small  3-21. Compacted Pervious Fill .—

area, i.e., if many layers of material are being placed one

over the other in a single day, tests should be made in this  a. Design Considerations.—Permeable materials are

area in every third or fourth layer to ensure the desiredused in rolled embankment dams in internal filters and drains

density is attained. In such an area, all tests should band transition zones to control seepage and piping and in

identified by the letter C. outer shells to provide high strength to support the
impervious core. Usually, pervious fill is free-draining

Even if areas of doubtful compaction do not exist or tests ar&ohesionless sand and gravel containing less than about

not required because of other reasons, at least one fiel8 percent fines (material passing the 75-um (No. 200) sieve).

density test should still be made for each 1,500 m Four criteria must be satisfied in controlling construction of
(2,000 yd) of compacted embankment, and it should bezones of sand and gravel:
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Figure 3-26.—Block sample from test pit in zone 1 at McPhee Dam, Colorado. Final saw cut being made beneath the
sample with a chain saw equipped with special tungster carbide bit. Also shows area where an in place density
test was taken 600 mm upstream of the block sample (1983).

e The material must be formed into a homogeneousmuch greater than the impermeable zone. In addition,
mass free from large voids. permeability of the free-draining zone should be high enough
e The soil mass must be relatively free draining to preclude development of construction pore-water pressures
depending upon its intended use. in this zone. The requirements of low consolidation and high
e The material must not consolidate excessively undershear strength for a permeable zone can be obtained by
the mass of superimposed fill. properly compacting the materials. Because excessive pore-
¢ The soil must have a high angle of internal friction. water pressure is impossible to develop in pervious free-
draining materials, the maximum practicable compaction of
If chimney drains containing filter and drainage layers aresuch materials is desirable.
not used (recently, chimney drains almost always are a
requirement), homogeneity of the shell is importantto ensure  b.  Specifications Provisions.—Specifications on
distribution of the inevitable seepage from the imperviousopencut excavations provide that suitable materials shall be
zone throughout the length of the dam since concentration ofised for permanent construction. Provisions are made for
seepage water into a few channels may induce dangerousmporarily stockpiling such materials. When permeable
piping. The permeability of the permeable zone must be
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Figure 3-27.—Test pit at the interface of sand filter and gravel drain, Jordanelle Dam, Utah (September 1990).

soils are to be obtained from borrow pits, provisions forthe form of compacted thickness or placed thickness.
compacted earthfill materials apply equally for these soils,Vibratory steel-drum rollers in the mass range of 4,500 to
except that irrigation of borrow pits is not required. 9,000 kg (5 to 10 tons) are the best equipment for
compacting pervious clean coarse-grained soils. Drum-drive
Specifications prohibit use of frozen soil and do not allow self-propelled vibratory rollers may be effective on fine
placing unfrozen material on frozen embankment. Theseauniform sands when other vibratory rollers are not. Rubber-
provisions are applicable to all kinds of soils. Provisions fortire rollers may be used if they can produce the required
maximum allowable difference in elevation between adjacentdensities. At times, track-type equipment are used
zones control placement of permeable material. Control offfectively in rough areas or in confined areas where a
openings through embankments, slopes of bonding surfacesjibratory roller cannot operate effectively, for example, in
and preparation of bonding surfaces apply equally to allcompacting a horizontal drainage layer on an irregular
zones within the embankment. Distribution of material foundation. The contact pressure of the equipment should be
within a permeable zone is controlled by the inspection staff.at least 62 kPa (9 Ibf/fpand should operate at a speed which
imparts greatest vibration to the fill. Track-type equipment
Written directives are in the specifications pertaining to should be discouraged for compacting drainage blankets and
permeable material used as a zone in the embankment. THidter drains because of potential breakdown of the soil
material will be described and its source designated.particles.
Allowable thickness of the layer will be specified, either in
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Sometimes, alternate methods of compaction are permitte¥ibratory compaction units should be checked frequently to
by the specifications. In such cases, a minimum relativeensure they are operating at a frequency which produces the
density requirement is specified. highest possible density. For cohesionless materials, the
frequency of vibration generally should fall between 1,100
c. Control Techniques.—Workability of a permeable  and 1,500 vibrations per minute. If the track-type equipment
sail is reduced considerably by the presence of even smalbk used, operating at the highest practicable speed is desirable
amounts of silt or clay. The contractor's operations in theduring the compaction operation. High speed is conducive
borrow pits and on the fill must be such that contaminationto greater vibration and aids compaction. When inspecting
of the pervious soil is minimized. As the material is brought compaction made by track treads, ensure that the operator
on the fill, it must be directed to the proper zone. Within makes complete tread coverage of the area to be compacted
pervious shell zones, individual loads should be directed sdefore making the second and subsequent passes.
coarser material will be placed toward the outer slopes. This
does not apply to filter or drain material in chimney drains or During initial placing operations, relative in-place density
blankets. tests (USBR 5525, 5530, and 728@nd gradation analyses
(USBR 5325 and 5338)are recommended at a frequency of
When compacted thicknesses are specified, the requiredne test to represent each 750(i000 yd) placed. After
thickness of the loose layer, which will result in the specifiedplacement procedures have proved satisfactory, and unless
final thickness, must be determined by the inspector duringsignificant changes in gradation occur or doubtful conditions
initial construction stage. Since in-place density will be occur, one relative density test for every 7,506 m
checked by relatively few tests after satisfactory placing(10,000 yd) of material placed will suffice. In the event of
procedures have been established, the required thickness significant gradation changes in borrow materials, increased
the loose layer must be maintained within close limits frequency of field tests may be needed to ensure satisfactory
throughout construction. The specified thickness of thecompaction of the variable materials.
compacted layer is usually great enough to accommodate the
maximum size of rock encountered in the borrow. In cases 3-22. Semipervious Fill .—Semipervious materials
where cobbles or rock fragments occur that are greater isilty sands or gravels (SM or GM). Sands with dual symbol
size than the specified thickness of layer, provisions areclassifications such as SW-SM, SW-SC, SP-SM, or SP-SC
made for special embedding, for removal to outer slopes ofi.e., sands having as high as 12 percent passing the 75-um
the pervious zone, or for removal to other zones. The(No. 200) sieve (5 percent is the usual upper limit for a
inspector must ensure that provisions for disposal of oversizenaterial to be classified as pervious)] may have the

rock are followed. characteristics of semipervious material even though such
materials may be allowed by the specifications in
After material has been placed, spread to the desire@mbankment zones designated "pervious fill." Generally,

thickness of lift, and oversize cobbles or rock fragmentscompaction curves indicating adequately defined optimum
removed, the next important step is application of water.water contents and maximum dry densities can be developed
Thorough and uniform wetting of materials during or using standard compaction tests on impervious and
immediately before compaction is essential for best resultssemipervious materials.

The best method for adding and distributing water on the fill

should be determined during initial placement. RelaxingAlso, in some dams, outer embankment zones composed of
requirements for thorough wetting may result in densities farcoarse-grained sands and gravels, which contain appreciable
below the minimum requiremeneven with great amounts of fines (i.e., > 5 percent), are sometimes
compactive effort. Different pervious materials require designated as "pervious zones." Compaction equipment,
different amounts of water for thorough wetting and bestprocedures, and control for such materials can be either those
compaction. In general, adding as much water to thepresented for pervious fill or those presented for impervious
material as it will take is desirable. Too much water cannot

be added to an extremely pervious soil; however, permeable

soils containing sm_all quantities dftor clay may becpme 10 5505.  Determining the Minimum Index Unit Weight of
temporarily boggy if an excessive amount of water is used.cohesionless Soils.
For these soils, care must be exercised in wetting the soil; 5530: Determining the Maximum Index Unit Weight of Cohesionless

the contractor's operations must be carefully controlled toS°ils:

avoid creation of temporary bo conditions 7250: Determination of Percent Relative Density,
p y boggy : 1 5325: Performing Gradation Analysis of Gravel Size Fraction of

Soils.
5330: Performing Gradation Analysis of Fines and Sand Size
Fraction of Soils, Including Hydrometer Analysis.
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fill. The decision to use which control method depends onrock is with hydraulic chisels or spliters. Oversize rocks
whether the soil behaves like a pervious material or more likeshould never be allowed to accumulate along the contact

an impervious material. slope of a closure section.

3-23. Rockfill .—Embankments with large rockfill Close inspection is required to ensure that the material does
zones are becoming more common. This is primarilynot contain excessive fines. Excessive fines can cause
because of: excessive postconstruction settlements when the reservoir is

filled.  Specifying a limited amount of fines in the
» Necessity for using sites where rock foundation specifications is difficult; consequently, this is rarely done.

conditions are unsuitable for concrete dams However, the design office should provide guidance to field
« Suitability of modern construction equipment to handle personnel based on results from rock-test fill studies which
rock will aid in determining if excessive fines are present. The
e Increasingly higher dams being constructed design and construction staff must be alert for material
e Economic benefit that is obtained by maximum use of variations that could result in undesirable changes in
rock from required excavation. gradation of the material brought to the embankment. If this

occurs, the contractor should be informed so a change can be
Rock that does not easily break during handling, made in quarrying techniques.
transportation, and compaction is considered sound and
results in a pervious fill. Such sound rock is desirable for 3. Compaction.—Current practice is to use smooth
rockfill dams, or rockfill zones, especially if the source is steel-wheel vibratory rollers to compact all sound rockfill in
from required excavations such as a spillway. comparatively thin lifts with minimal application of water.
The lift thickness specified is dependent on size and type of
a. Sound Rock in Rockfill Dams.— rock and on type of compaction equipment used; usually,
thickness is determined from results obtained during
1. Specifications.—The specifications for pervious construction of a test fill. Less desirable rocks may break
rockfill sections generally require that rock be sound, welldown in varying degrees upon excavation, handling, and
graded, and free draining without specifying gradations; but,compaction. These unsound rocks may degrade because of:
the maximum permissible size is specified together with lift
thickness. Normally, rock fill is placed by dumping from e Lack of induration
trucks; bulldozers spread the material to the desired lift ¢ Structure (such as thin bedding)
thickness. The required placement and spreading operations ¢ Degree of fracturing
should avoid segregation of rock sizes. Type of roller, lift e Weathering
thickness, and number of passes are specified, preferably e Other physical and chemical properties
based on results of test fills.
Some examples of material to be avoided are:
2. Placement Operations.—\When rock is dumped
on the fill surface and pushed into place by a bulldozer, the  ® Shales
fines are moved into the upper part of the lift, thereby e Mudstones
creating a smoother working surface for the compacting * Siltstones

equipment. If a layer of fines of significant thickness is e Claystones

produced that might seal off the upper part of the lift and ¢ Chalk

prevent distribution of fines throughout the lift, the rock may e Earthy limestones

be dumped directly in place. e Other sedimentary rocks which may be poorly
cemented

All oversize rock must be removed before compaction.

Usually, this is done with bulldozers fitted with special "rock Ordinarily, sound rocks that are quite weathered and very

rakes." Oversize rocks are often pushed into a specifiedractured may not be acceptable for rockfill zones because of

zone in the outer slopes. Sometimes, excessively large rockbeir susceptibility to breakdown caused by weathering and

are hauled off to be dumped elsewhere or they are brokefracturing.

with a drop weight or explosives and used in the rockfill or

riprap zone. Another common way of breaking oversizeBecause of general unpredictability of breakdown of most
types of rocks, use of test quarries, test fills, and laboratory
tests for designing and constructing rockfill dams or zones is
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widespread. Generally, the lift thickness specified will be no
thicker than 60 cm (24 in) unless test fills show that adequate
compaction can be obtained using thicker lifts. The
maximum particle size allowed in the lifts should not exceed
90 percent of the lift thickness.

Scarification of compacted lift surfaces is not necessary and
should not be allowed because it disturbs the compacted
mass.

b. Unsound Rock in Rockfill. —Formerly, use of soft
or unsound rocks has been dictated by availability of large
guantities from required excavations. The main concern
about these materials is the tendency to weather and soften
with time when exposed to air and water within the
embankment. However, dams with large portions of
embankments composed of unsound rocks attained adequate
shear strength, and the rock experienced insignificant
breakdown after placement when the rock was placed in
random and semipervious zones. Where unsound rocks will
constitute a significant structural portion of a fill, their
properties and the best methods for compaction should be
determined by means of a test embankment constructed
during design studies.

Some rockfills composed of unsound rocks have been
compacted by first rolling the loose lift with a heavy tamping

roller equipped with long spike or chisel-type teeth ("shale
breaker") and then compacting the lift with conventional

tamping or rubber-tire rollers.

3-24. Riprap .—Riprap is the commonly specified
material for slope protection. Properly graded riprap, placed
to provide a well-integrated mass with minimum void spaces
so that underlying bedding cannot be washed out, provides
excellent slope protection. The primary factors that govern
successful construction are:

¢ Loading from the quarry to provide a good mixture of
different sizes within the required gradation in each
load. Proper production from the quarry requires that
blasting operations or processing produce proper rock
sizes and that loading operations are properly
inspected.  Gradation testing is often specified.
Grading of riprap and other large stone can be
performed in accordance with ASTM procedure D-
5519-94 [a] (see sec. 3-8b). Gradation tests are best
performed at the placement site by sampling several
trucks. Hauling vehicles should be weighed for
determination of tonnage hauled.

The rock should be placed on the slope to provide
uniform distribution of different sizes without
segregation to provide a rock mass without large
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voids. Placement should be accomplished by placing
loads along the slope against previously placed riprap;
this reduces size segregation which otherwise occurs
if loads were dumped in separate piles. Dumping
rock at the top of the slope into a chute should never
be allowed because this results in segregation. If
dumping is done from trucks it is usually necessary to
winch load haulers down the slope to the placement
location. Dumping should proceed along horizontal
rows and progress up the slope; loads should not be
dumped to form rows up the slope. If large rock is
specified, a crane with an orange-peel or clam shell
attachment operating from a platform built on the
slope can be used. Recently, large backhoes have
been used to place riprap; experienced equipment
operators can do a good placement job. In using
backhoes, riprap must be placed as the embankment is
constructed because riprap placement must stay within
about 5 m (15 ft) of the top of the fill. The process of
end dumping without manipulation is generally not
sufficient for good placement. Reworking with
backhoes or other acceptable equipment will be
required. Close visual inspection or actual
measurement is required after dumping and spreading
riprap to determine the adequacy of the distribution of
different sizes. Reworking may be minimized by
exercising care when loading to ensure that each truck
load has the proper amount of each size rock (i.e., the
proper gradation). Placement should result in a low
void ratio, on the order of 0.35 or smaller. The void
ratio over a placement area can be estimated by using
mass tickets from each truck and the area of
placement. If the volume of an area is considered a
solid volume, then the void ratio is determined by
proportion of the solid volume and the actual mass.
For example, assume an area of 100 by 100 by 3 feet.
Assume the density of riprap as 160 Ib{ftr use the
specific gravity of the rock). The solid volume is then
160x100x100x3 = 4,800,000 Ib = 2,400 tons. If the
mass tickets equal 1608 tons, the void ratio is (2,400-
1,680)/2,400 = 0.33. This method of void ratio
ensures a tight structure but does not ensure good
distribution of grain sizes. Strict enforcement of
specifications is required, especially during early
stages of riprap placement to ensure a well-graded
mass without large voids.

A bedding layer (or layers) designed as a filter must
be provided between the riprap and embankment
material to protect the embankment material from
erosion by wave action and to provide a stable base
for riprap. Many riprap failures have occurred
because bedding material was not large enough to
preclude washing out through riprap interstices by
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wave action. Removal of any bedding causescharacteristics. When inspecting miscellaneous fills, it is
settlement and dislodgement of overlying riprap, important to ensure that specified lift thickness is not
which further exposes bedding and embankmentexceeded; also make sure that hauling equipment never
material to direct wave action. Good practice is to concentrates on a roadway but is routed over the entire
place rock spalls or crushed stone of like size betweerbreadth of the placed layer.
the bedding and the riprap if they are available from
quarry or required excavation. The term "spalls" 3-26. Instrument Installations .—The behavior of
refers to the finer materials resulting from rock many embankment dams is monitored during construction
excavation for materials such as riprap. Spalls mustand throughout operation by instrumentation placed in the
be durable fragments of rock, free of clay, silt, sand, embankment, in the foundation, and in or @pwtenant
or other debris. Spall gradation varies and must bestructures.
specified for each particular job. End dumps with
spreader boxes provide the best means of placing a. Instruments.—Data obtained from the instruments
bedding and spalls. are used to assess performance of the structures by
comparing the results to design assumptions and to normal
3-25. Miscellaneous Fills .—Dam embankments on performance expectations of embankment dams and their
very plastic foundations may require toe berms to improvefoundations.  Besides visual inspections, performance
stability. Excavations for dam foundations or for appurtenantmonitoring with instrumentation is used to ensure safe, long-
structures often produce material unsuitable for, or in excesgerm performance of dams.
of, requirements for the structural zones of a dam. Such
excavated material can be used in toe berms of the dam. MMhe various types of instrumentation installations can be
localities where good quality riprap is expensive, fill grouped into five categories:
materials from structural excavations have been used to
flatten the upstream slope of the dam to permit use of lesser e Devices to observe pore-water pressures in the

quality riprap and, in some cases, no riprap at all. In a few embankment and in the foundation
cases, excess low quality material from required excavation e Devices to observe earth pressures in the embankment
has been used in a noncritical zeire the downstream e Internal and external devices that provide data on
portion of a dam-merely to replace material which otherwise deformations and displacements of the embankment
would have had to be borrowed at greater expense. and foundation

¢ Devices for monitoring seepage flows
Permeability of miscellaneous fills is not important in the e Vibration recording devices to indicate the result of
design; they may not specifically require compaction. transient stresses on the embankment

However, full use should be made of compaction obtainable

by routing hauling and placing equipment on placed layers ofType and quantity of instruments installed at a dam will vary
the material. Sometimes, the nature of available materials owith:

the design may require that some compactive effort other

than routing of equipment be used. For example, sheepsfoot e Design

rolling has been used to break up fairly large pieces of soft e Purpose

rock to avoid excessive settlement. Compaction should be e Foundation conditions

specified if the miscellaneous fill is to function as an e Embankment materials

impervious blanket or is within the limits of the embankment. e Embankment size

For miscellaneous fills, specifications should describe theDetailed information concerning types of embankment dam
materials to be used and state their sources. Thickness dfstruments can be found in th&mbankment Dam
layers will be specified, and the requirement for routing Instrumentation Manug].
construction equipment over each layer will be stated. The
specifications will also state if any moisture or special b. Installation of Embankment Dam Instrumenta-
compaction requirements are needed. tion.—Work required for installing the instruments is usually
performed by the contractor under provisions of the
Inspection of miscellaneous fills is entirely visual. specifications for construction or modification of a dam. In
Ordinarily, control tests are not made on such fills. A few special cases, however, Government forces may perform all
fill density tests may be required for record purposes, ancbr part of the work. ThEmbankment Dam Instrumentation
instruments may be placed to obtain performance
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Manual provides detailed information concerning methods Embankment field moisture and density conditions must be
for installing embankment dam monitoring equipment. duplicated for the percolation-settlement test and in-place
conditions must be maintained for foundation materials.
c. Inspection.—Inspectors are required to inspect and During and after construction, the dam designer may request
test all the equipment, to oversee all installation work, and td¢hat some record test samples or other special samples (core,
obtain instrument readings during construction.  Closeblocks) be sent to special laboratories for testing and that the
inspection is essential to ensure correct installation ofremaining samples that are not moisture sensitive be
equipment and proper operation of the instrumentation.  permanently stored at the damsite, in accordance with
Reclamation guidelines. All stored samples should be
d. Record Tests.—Record tests of embankment and properly marked and referenced to the pertinent density test.
foundation materials at internal instrument installations are
necessary to obtain data on soils adjacent to the instrument&ach container should be identified as follows:
One field density test should be made at each unit or element
of displacement or deformation monitoring device in earthfill e Name of dam.
material. Two test samples should be obtained from soil near e Identification symbols.
the element or unit as well, one in the rolled embankment e For samples taken at piezometer tips, the letter P and

near the element and one in specially compacted material the number of the tip (as shown on installation
placed around the unit. When all or part of a dam is founded drawings) should be used (e.g., "Heron Dam, P-14")
on highly compressible materials, representative undisturbed identifies the sample.
samples should be obtained in the foundation at the locations ¢ For samples taken at porous-tube piezometers, the
of the vertical movement and baseplate installations unless symbol PTP is used.
suitable samples have been obtained previously. Tests are e For samples taken at crossarm units of a vertical
not required when these devices are placed on a rock movement installation, e.g., "Heron Dam, X-A-8-R"
foundation unless specifically requested. Tests at the and "Heron Dam, X-A-8-T" represents, respectively,
elements or units should be designated "record rolled," record rolledandrecord tampednaterial adjacent to
"record tamped," or "undisturbed," depending on the the eighth crossarm unit installed in installation A for
material being tested. the dam.

e Likewise, as above, the symbols "Trinity Dam,
One field density test is required near each embankment H-B-6-1-R" and "Trinity Dam, H-B-6-1-T" represent
earth pressure cell and piezometer tip. This test should be samples taken from excavation and backfill of the
made in the rolled fill at the piezometer tip location prior to trench for plates associated with a horizontal
excavating the offset trench for the tip for closed-system movement device.
piezometers. Each hole drilled for foundation piezometers ® The symbol BP can be used for samples from
should be logged throughout its length, and a record sample foundation settlement (baseplate) installations.
of the material should be obtained at the depths where
piezometers will be located. These identifying symbols should be marked on the container

in addition to identification normally required on record
In addition to field density tests on embankment materialssamples.
and in-place density tests on foundation materials, the
following four tests should be performed on the samplesRecord samples obtained from the location of foundation

taken: piezometers should contain representative materials taken
from the location of the tip of the piezometer. Quantity of
1. Gradation analysis sample will depend on drilling equipment used to excavate
2. Specific gravity the holes.
3. Liquid and plastic limits
4. Percolation-settlement 3-27. Records and Reports .—The inspector must

make daily, periodic, and final reports covering construction
This laboratory testing may be performed during seasonafctivities work.
shutdowns when workload permits. Sufficient material must
be obtained while making the density tests so that additional  a. Daily Reports.—The daily reports should record the
tests can be made. Before testing, foundation samples shoufitogress of construction, provide pertinent information for
be sealed to prevent moisture loss. Special care should e inspector (who is beginning a shift) about shutdowns,
exercised to attain desired accuracy in all record testsconstruction difficulties, and tests in progress. These reports
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will also furnish data for use in compiling the construction
progress report. The form of a daily report will vary to suit
the requirements of each job, but all information in the

Depth of cut
Stratification
Mixing, separating

periodic earthwork progress report should be based on day- Transporting
to-day records. A consistent, systematic method is desirable

for identifying field density tests made on the embankment.

Embankment operations (each zone):

Each test should be designated by the date, shift, number on Equipment used

that shift, and purpose; e.g., "8-2-92-a-2-D" defines:

e The field density test made August 2, 1992

e The 1st workshift, the 2nd test made on that shift

e The purpose was to check an area of doubtful
compaction

The above legend is as follows:

a = First shift
b = Second shift
¢ = Third shift

D = Doubtful area
C = Concentrated area
R = Representative

Spreading, mixing

Method of adding moisture

Maximum size of rock fragments

Method of removing oversize rock fragments
Compaction method

Thickness of layers

To avoid repetition, many items reported in the above outline
should be described only once. Thereafter, only significant
changes in materials or in methods and procedures should be
described. Any difficulty or unusual conditions encountered
should be fully described. The narrative should clarify any
results reported on the various forms that require special
mention, and it should report pertinent information not
covered by the forms.

Results of tests made daily on the embankment are reporte@hotographs should be taken far enough in advance to ensure
in the progress report of embankment construction on theno delay in submitting the reports and should include:

appropriate forms.

b. Periodic Progress Reports.— Adequate technical

control of construction is an important and essential function

(a) Aview from an abutment point showing the extent
of operations on the dam during the period of the
report. The camera position should be located

of field forces on an embankment dam project. Complete sufficiently high so that location can be used until the
records of all data pertaining to methods and procedures of dam is complete.

achieving satisfactory control must be maintained as a normal (b) An overall view showing the extent of operations

part of the inspectionSummary of Earthwork Construction in each major source of material.

Data reports are required of each project, for each month (c) Closeup views of each operation such as dumping,
during the working season that embankment is being placed, spreading, adding moisture, disking, rolling, or

except in special cases additional summaries or reports may mechanical tamping. Photographs of these operations

be required. This report is a part of the Construction
Progress Report (L-29). Copies of tf&ummary of
Earthwork Construction Dataeport may be required for
review by design team members. SAmmary of Earthwork
Construction Dataeport consists of:

1. Narrative and PhotograpkThe narrative shall
consist of a description of earthwork operations during
the reporting period. Important features of normal

need be submitted only once. Thereafter, only
photographs showing different or unusual procedures
should be submitted.

(d) Closeup views of typical borrow-pit cut banks.
These should be submitted once.

2. Completion of form 7-1352This form should
include results of field and laboratory tests made during
the reporting period for all materials controlled by

embankment operations to be included in the narrative of ~ USBR 7240: Performing Rapid Method of Construction

initial reports are outlined below:

Borrow-pit operations (each borrow area):
Description of material
Equipment used
Natural water content

Control* or by laboratory compaction tests (USBR

Method of adding moisture
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5500 or 5515} The specific gravity of the minus applicable to a particular project should be disregarded, and
4.75-mm (-No. 4) material and the percolation- variations or additions should be made to suit individual job
settlement tests need be performed and reported only foconditions.

every 30,000 (30,000 yd) of material placed. The
latter is a minimum requirement; variations in material
may require more frequent tests.

3. Completion of form 7-1582This form should
include results of field and laboratory tests made during
the reporting period on all materials controlled by
percent relative density.

4. Computer software programs are available which
summarize results of in-place density, rapid construction
control, and relative density tests, and that generate
forms similar to 7-1352 and 7-1582. Reclamation field
laboratories currently use the computer program
PCEARTH for statistical compilation of earth
construction data. This program provides for statistical
compilation and reporting of compaction control data by
rapid compaction and relative density test methods. The
program also allows for compilation of physical property
data from borrow investigation, foundation acceptance,
and aggregate processing activities. Modules are also
available for soil cement and soil cement slurry
(flowable fill used in pipe embedment) test data. This
program can be obtained for a small fee from the Earth
Sciences laboratory at the Technical Service Center.

5. Roller Data—Figure 3-28 shows a suggested
tabulation of data for tamping rollers. Manufacturer's
specification data sheets are also acceptable. Such data
should be obtained for each roller used on the
embankment to ensure compliance with specifications.
This information should be reported only once for each
roller, except when modifications are made to the roller.

c¢. Final Embankment Construction Reports.—Upon

1. Generak-

(a) Location and purpose of structure.
(b) Description of dam and appurtenant works,
including dimensions and quantities involved.

2. Investigations-

(a) Foundation explorations. -
(1) Description of foundation conditions.
(2) Itemized summary of foundation explorations
showing number, depth, and coordinate location of:
drill holes, test pits, shafts, and tunnels.
(3) Description of any special tests and methods of
taking undisturbed samples.

(b) Construction materials. -
(1) If a preconstruction earth materials report were
prepared, a general description of materials
investigation should be prepared and reference
should be made to the previously prepared report.
However, a complete and detailed description of
additional investigations made subsequent to the
preconstruction earth material report is required.
(2) If the preconstruction earth materials report was
not prepared, a complete and detailed description of
material investigations of borrow areas and rock
sources with test results and quantities available
shall be included in the Final Construction Report.

3. Construction history (include photos within text.
(a) Required excavations, except borrow areas. -

(1) Stripping of foundation(s).
(2) Cutoff trench(s).

(3) Grout cap trench.
(4) Miscellaneous excavations.

completion of embankment construction, a report should be
prepared summarizing work accomplished. Final
Construction Reports are required to be prepared in duplicate
and submitted to the Denver Office for all major works,
including dams. A detailled summary of embankment
construction need not be transmitted separately but should be
included in the Final Construction Report. A suggested
outline for the embankment portion and related construction
requirements of the report follow. Items in the outline not

The construction history shall include discussion on
depth, quantities, dewatering methods, disposition of
materials excavated, and type of equipmémtiuding
number used and rated capacity.

(b) Foundation drilling and grouting. -
(1) General—Include discussion on type of
equipment used and capacity. For the grouting
plan, show location and depth of holes.
(2) Pressure grouting-Include discussion of:
grouting procedures, type of equipment and

13 5500: Performing Laboratory Compaction of Sebs5-lbm
Rammer and 18-in Drop.

5515: Performing Laboratory Compaction of Soils Containing
Gravel.
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Figure 3-28.—Form for recording embankment roller data.

pressures used, grout take and results obtained, and
any special problems and methods used to obtain

satisfactory results.

(c) Borrow area operations. -
(1) General—Discussion of plan and use of
specified material sources and any problems in
borrow areas not anticipated at the time
specifications were issued.
(2) Borrow areas—Detailed report of: initial
conditions of borrow pits, methods of excavating,
mixing, screening, and transporting of material.
Include: type, size, and rated capacity of all
equipment usedwith special emphasis on any
unusual requirements for blending or excavating
procedures. Also, note: borrow pit yield, methods
of controlling moisture, disposition of oversize
material, and material from stripping operations.

(d) Embankment operations. -
(1) Zones—Discussion to include: construction

methods and sequence, material source, and any

variation from the approved materials distribution
plan and reasons therefore. For riprap and rockfill,
record gradation.

(2) Placing—Description of methods used
including:  scarifying, spreading and leveling,
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rolling, power tamping, removal or reworking, and
any other part of the work considered peculiar to
the placing operation.

(3) Equipment—Discussion of type, capacity, size,
number used, efficiency, and suggested
improvements (if any) for all equipment used in
placing embankment.

(4) Testing—Performance of field laboratory,
including number of testing personnel and number
and type of tests performed should be summarized.
Discussion of control tests, such as moisture content
and density, and any special tests should include:
procedures in making tests and reporting methods,
extent of testing, adequacy of tests, and difficulties
encountered.

4. Embankment Dam InstrumentatieiBrief descrip-

tion of systems installed such as piezometer tips,
horizontal and vertical movement crossarms, and
embankment and structure settlement measurement
points.

(d) Embankment Dam Instrumentation Reperss.
monthly report, separate from other construction
reports, is required during construction of the dam to
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present progress of placement of embankment danor wetter when construction pore pressures normally increase

instrumentation. This report should include: rapidly with increased moisture content. A typical example
of laboratory tests on one soil is shown on figure 3-29. The
e A short narrative on progress of work net effect of development of localized shear planes would be
¢ As-built information a significant loss of shear strength; hence, placement
a. Reports of problems or abnormalities during moisture should be so controlled as to avoid any possibility
installation work in developing local shear planes.

b. Readings made during the preceding period
c. Representative photographs showing current detailsThe phenomenon of loss of effective strength of dry, low-
of the work density soil as the water content is increased is also well
known. This reduction in strength may result in appreciable
Within 6 months after completion of instrument installations, volume change of a loaded soil, either in the foundation or in
a Report on Embankment Dam Instrumentation is requiredhe compacted embankment. In the case of embankment
and should include the following: dams, wetting the foundation or the embankméoitowing
constructior-does not occur uniformly. Hence, such volume
e Document materials and equipment actually used inchanges usually will result in differential settlement and may

instrumentation installations. result in cracking of the embankment. Many failures of
e Records of preinstallation testing of equipment. small embankment dams are attributed to cracking due to
e Drill logs for holes in which instruments were differential settlement. Placement moisture should be
installed. maintained in a range between the specified upper and lower
» Record test information. moisture limits so that the soil will not exhibit atishal
e Problems or abnormalities that occurred during consolidation upon saturation, will not develop excessive
instrument installations. pore pressures, and will not develop shear planes under field
e Deviations or modifications from specification compactive effort. Generally, this range is from about
requirements relative to instrument installations. 2 percentage points dry to 1 percentage point wet of optimum

e Contractor claims that arose relative to moisture content.
instrumentation work.

e Photographs as available. High shear strength, low consolidation, and permeability are
e Complete as-built information. all related to dry density obtained in a fill. Design is usually
e Comments, criticisms, and suggestions so that futurebased on impervious or core material being placed at or
instrumentation design work can be improved. slightly below average laboratory maximum dry density of
¢ All instrumentation readings taken during construc- the minus 4.75 mm (-No. 4) fraction. An averday®alue
tion. (ratio of dry density of fill to laboratory maximum dry

density, expressed as a percentage) near 100 percent is
Following completion of the dam, instrument readings shallexpected for most soils containing less than about 30 percent
be taken in accordance with the current Schedule for Periodiplus 4.75 mm material. For gravelly materials containing
Readings (L-23) or with the reservoir filling criteria. more than about 30 percent plus 4.75 mm material, an

adjusted field density of the control fraction less than

3-28. Control Criteria .—The concept of limiting the laboratory maximum dry density of the minus 4.75 mm

moisture condition for placement of compacted earthfill in fraction may be expected during construction and is
dam embankments has been used by Reclamation for margonsidered in design.
years. The idea of limiting the magnitude of pore-pressure
buildup in cohesive soils during construction, by controlling Overall quality of the embankment being placed can be
the placement moisture, has been a major consideration sinevaluated by statistical analysis of test results. A simple
1946. The relationships among moisture control, pore-watefrequency distribution analysis of the variabigsw; andD-
pressure potential, and stability of the structure are wellvalue, as outlined on table 3-2, can be maintained throughout
established and are generally recognized as a basis for amnstruction to aid engineers and inspectors in their efforts to
upper placement moisture limit. control placement within recommended or specified limits.

Figures 3-30 and 3-31 show worksheets designed for such an
Localized shear planes may develop under certain conditionanalysis. Forms of this type, on which data from each test
of placement moisture and compactive effort. Using are entered as results become available, should be maintained
Reclamation procedures for compaction of earthfill, thesein the laboratory or in some other suitable place where they
shear planes occur when the soil is at optimum water content
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Figure 3-29.—Typical laboratory tests for the development of shear planes.

will be readily available for inspection. By means of this figures 3-30 and 3-31.

analysis, the frequency distribution of test results is obtained,

and statistical values such as the mean, the standardarious other criteria for quality control have been proposed.
deviation, and the percentage of tests falling outside specifiedable 3-2 lists suggested limits of density and moisture
limits can be determined. Computer software programs areontrol based on Reclamation's experience with earthfill
available which calculate statistical information on test datadams. In the absence of instructions to the contrary, criteria
such as averade-value, average/,-w; , percent of accepted given in this table may be used.

tests, and several other parameters. Reclamation’s computer

program PCEARTH can readily perform such statistical

compilations and generate distribution graphs as shown on
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Table 3-2.—Criteria for control of compacted dam embankments

Percentages based on minus 4.75 mm (-No.4) fraction
15 m (50 ft) or less in height 15 m (50 ft) or greater in height
Percentage of plus 4.75 mm Minimum Desired Moisture Minimum Desired Moisture
(+No.4) fraction by dry mass acceptable  average limits, acceptable  average limits,
Type of material of total material density density W,-W; density density W,-W;
Cohesive soil: 0 to 25 percent D=95 D=98 -2to +2 D =98 D =100 2t00
Soils controlled
by the laboratory 26 to 50 percent D=925 D=95 -2t0 +2 D=95 D=98 Note?
compaction test
More than 50 percent* D=90 D=93 -2t0 +2 D=93 D=95
Cohesionless soil: Fine sands with 0 to 25% D,=75 D,=90 Soils should D,=75 D,=90 Soils
Soils controlled Medium sands with 0 to 25% be very wet should
by the relative Coarse sands and gravels Dy=70 D,=85 D;=70 D;=85 be very
. . o
density test with 0 to 100% D,= 65 D, =80 D,=65 D, =80 wet

The difference between optimum water content and fill water content of dry mass of soil is w,-w;, in percent.
D is fill dry density divided by laboratory maximum dry density, in percent.
D, is relative density as defined in chapter I.

! Cohesive soils containing more than 50 percent gravel sizes should be tested for permeability of the total material if
used as a water barrier.
2 For high embankment dams, special instructions on placement moisture limits will ordinarily be prepared.

E. Canals

3-29. Design Features .—Canals are constructed embankments made of unselected materials excavated from
channels of widely varying capacities used to convey waterthe prism, while other sections may require careful control
for irrigation, power, domestic uses, or drainage. of cuts in borrow areas, strict moisture control, and
Distributory channels conveying water from the main canalcompaction of earth in the form of linings or entire
to farm units are called laterals and sublaterals. The desigambankments. The following paragraphs summarize major
capacity of an irrigation canal or lateral is based ondesign features related to earthwork in canal construction.
maximum daily consumptive use rate downstream of the
section under consideration, including allowance for seepag€anals are classified as unlined or lined, depending on the
losses. Water loss from seepage is a major problem in canalxtent to which special provisions are made to prevent
design. On a typical irrigation project, about 20 to 40 seepage. An unlined canal or lateral is an open channel
percent of water diverted into the canals and laterals can bexcavated and shaped to the required cross section in natural
expected to be lost by seepage unless lining is providedearth without special treatment of the subgrade.
Conversely, water seeping into a canal can (under favorabl€onstruction of compacted embankments at locations where
conditions) be used to augment the water supply. Also,the canal water surface is above natural ground is considered
inflow seepage is the means by which subsurface drainage  normal seepage control measure in unlined canal
accomplished for open-ditch drainage systems. construction.

Canal construction involves a variety of earthwork problems. The cross section of a canal is selected to satisfy the most
Because of the great longitudinal extent of the work, manydesirable criteria for bottom width, water depth, side slopes,
different kinds of earth foundation and material conditions freeboard, and bank dimensions, and to facilitate operation
are encountered, all of which must be treated differently.and maintenance. The ratio of bottom width to depth ranges
Thus, some reaches of a canal may require only uncompactddom 2:1 for the smallest laterals to 8:1 for large canals; side
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slopes on unlined canals range from 1.5h:1v to 2h:1v, ofdn the case of hard-surface linings, further advantages
flatter where unstable soils are encountered. Design ofnclude:

canals is based on development of a steady-state seepage

condition from the normal high water surface, followed by ¢ Possible smaller canal sections and structures

rapid drawdown of the water surface. Dimensions of the e Less right-of-way

banks and the soils of which they are composed must ensure e Higher permissible velocities

stability under these extreme hydraulic conditions. e Steeper gradients

The water section of a canal may be entirely in cut, entirelySide slopes on earth-lined canals are 2h:1v or flatter, and on
in fill, or partially in each, depending on economics of the hard-surface linings usually 1.5h:1v.
route, necessary gradient, structure design, and requirements

of safety and water distribution. If the water section is |jned canals can be built in either cut or fill or partially in

partially or entirely in fill, compacted embankments may be gach: the economic advantages of balanced cut and fill must

used to prevent excessive amounts of seepage. be weighed against special treatment of fills to support the
lining properly in a canal. The lining above the water

Requirements for compacting an embankment underg face varies with height and depend upon:
compacted earth lining depend upon (1) height of fill, (2)

earth construction materials used, and (3) method of fill
construction. These requirements are reflected in the
specifications.

e Flow capacity
e Water velocity
e Alignment curvature

. . _ e Inflow of storm water
Operation and maintenance roads are usually provided on the

lower bank of large canals. In some cases a maintenancl?1
berm may be needed on the upper bank. In deep cuts, berm
are often used to reduce bank loads, to prevent sloughing of
earth into the canal, and to lower the elevation of the
operating road for easier maintenance. Berms also provided
between deep cuts and adjacent waste banks. Even where
operating roads are not planned, canal and lateral banks are
smoothed by blading to allow power mowers and other
power equipment to control vegetation.

addition, height increases with water surface elevation
Aused by:

e Canal checks

e Checks in pumping plant forebays
e Surge waves

¢ Wind action

Various types of earth linings have been used by Reclamation

A lined canal or lateral is one in which the wetted perimeterl© éduce water loss [16]. The simplest method is silting

of the section is lined or specially treated. Materials used tdS€diment sealing), in which fine-grained soils are dispersed
line canals include: into the water by hydraulic or mechanical means and are

deposited over the wetted perimeter of the canal. Although

e Unreinforced or reinforced concrete it is effective in reducing seepage, silting is not considered a
« Pneumatically placed mortar permanent seal because the silt layer is easily destroyed.
« Buried geomembranes Sometimes, thin, loose earth blankets of fine-grained soils
« Compacted earth have been used as linings. Such linings are inexpensive and
e Earth treated with additives (stabilized soils) are temporarily quite effective, but they erode easily unless

protected by a cover layer of gravel. Bentonite applied as a
Various types of asphalt, brick, stone, and other materialduried membrane, or mixed with permeable-type soils, and
have been used in the past. buried geosynthetic or asphalt membranes have been used;

but, such linings must be protected by gravel or soil cover.
The great need to reduce water losses in canals meansVdhen bentonite is used for the membrane, a high-swell
continuing search for effective low-cost linings. In addition bentonite (sodium montmorillonite) is required. Acceptance
to water savings achieved by lining canals, other advantagesriteria for this material are contained in the specifications.
include:

Compacted earth linings 150 or 300 mm (6 or 12 in) thick

¢ Prevention of water logging adjacent land usually satisfy design requirements from a seepage
e Lower operation and maintenance costs standpoint; but, they require gravel cover or protection
e Less danger of canal failures against erosion and are relatively expensive because of

» Reduced storage with less diversion requirements  difficulty in compacting them on side slopes [17]. Of the
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earth-type linings, heavy or thick compacted earth liningsA good cohesive binder usually means the soil must have
have proved most desirable because: significant plasticity as measured by the plasticity index, PlI.
However, some low PI (7 to 12 percent) earth linings have
e Conventional construction equipment and methods carperformed reasonably well [18]. Additional side slope
be used. protection (gravel or riprap) is always required on the outside
e Wider variety of soils may be used without erosion bank of curves and downstream of in-line structures and
protection. sometimes on straight reaches.
e Lining is not easily destroyed by cleaning operations.
e Excellent seepage control can be achieved [16]. The gravel cover layer sometimes used for erosion protection
of earth linings may vary from 150 800 mm (6 to 12 in)
Heavy compacted earth lining is placed in the canal bottonthick. Pit-run sand and gravel up to 75 mm (3 in) in size and
in 150-mm (6-in) compacted layers to a depth36D to containing a small amount of fines has been found
600 mm (1 to 2 ft) and on the canal slopes to a horizontakatisfactory. In some instances, placing a 150-mm-thick sand
width of 0.9 to 2.4 m (3 to 8 ft). In areas of potentially and gravel filter layer on an open foundation structure has
serious frost action, a minimum lining thickness of 600 mmbeen necessary to ensure that loss of earth lining material
is recommended. Sheepsfoot rollers are normally used fowould not occur. A WELL-GRADED GRAVEL WITH
compaction. When a thick compacted lining is placed on aSAND (GW) with a maximum size of 75 mm is used [17].
2h:1v slope about 750 mm (2 1/2 ft) of fully compacted
soil-normal to the 2:1 slopeis obtainable for an 2.4 m  Usually, riprap or coarse gravel is required to protect wetted
(8 ft) horizontal width. In some instances, layers of earth surfaces in the vicinity of structures where high water
compacted fill on the side slopes are sloped downwardurbulence may occur. The material will vary in size and
toward the canal to provide additional width needed for widerthickness-depending upon degree of protection requifeat
rollers. The slope of the layers cannot be so steep as tshould be graded from the smallest to the largest particle
cause movement or segregation of the earth lining materialsize.
during placing or compacting. Figure 3-32 shows a typical
canal section with compacted earth lining. Figure 3-33The type of material considered suitable for covering buried
shows a thick compacted earth lining under construction, anenembranes depends on grade and velocity in the canal and
the completed canal is shown on figure 3-34. on steepness of side slopes. Cover materials must be stable
soils when saturated. Side slopes are normally 2h:1v or
A wide range of impervious soils has been used successfullflatter. In some cases, earth cover (sandy, silty, or clayey
for compacted earth linings. The most desirable soilssoils) is adequate; in other cases, where erosive forces are
combine the most favorable properties of gradation, high, gravelly soil or gravel cover is required. Sometimes,
plasticity, and impermeability. earth cover is placed directly on the membrane, and a gravel
cover is placed over the earth [19]. The total thickness of
e Best results are obtained from a WELL-GRADED cover is usually from 150 to 300 mm (6 to 12 in). The canal
GRAVEL WITH SAND AND CLAY (GW-GC). subgrade must be relatively smosethithout abrupt breaks
Good stability and erosion resistance characteristicsor protruding materialsand open cobble structure must be
are provided by the well-graded, sandy-gravel fractionfilled with a suitable finer filter material. Cover materials
as well as by the cohesive binder. The fines contenimust be carefully placed so the membrane ispnottured
should be high enough to reduce seepage (12-2@r does not slip. Shear strength in the form of friction

percent). between the different layers of material must be great enough
e CLAYEY GRAVELS (GC) are next in quality. to prevent sliding of one material on the other. Laboratory
e WELL-GRADED SAND WITH CLAY (SW-SC) direct shear tests can be used to determine the interface

follows the above. friction between different membrane and earth cover
e CLAYEY SANDS (SC) is next in quality. materials. Installation of a buried geosynthetic membrane
e SILTY GRAVELS (GM) have been used with lining is shown on figures 3-35 and 3-36.

success.

3-30. Specifications Provisions .—
The best materials contain just enough fines to make the soll
impervious and have sufficient gravel for erosion resistance.  a. General.—The following paragraphs summarize
Of the fine-grained soils, a LEAN CLAY (CL) is desirable various standard specifications provisions used by
due to its imperability and workability. Reclamation for earthwork in canal construction. Their
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Figure 3-32.—Typical canal section and compacted earth lining.

purpose is to clarify and to relate the different types of work.rock excavation need not be finished and will be allowed to
However, this discussion should not be considered astand at its steepest safe angle. In unlined sections of canal
substitute for the published specifications for any particularexcavated in rock, sharp points of rock extending not more
job. Each set of specifications includes only those standarthan 150 mm (6 in) into the water prism are sometimes
provisions that apply to the local situation; in addition, permitted. Earth slopes are to be finished neatly to lines and
modifications are made to fit each job. grades, either by cutting or by constructing earth
embankments.
b. Subgrades and Foundations for Embankments
and Compacted Earth Lining.—Provisions for canal Surfaces under all canal embankments, except for rock
excavation require the contractor excavate to sections showsurfaces, are required to be scored with a plow to make
on the drawings. If, because of undesirable bottom or slopéurrows not more than 900 mm (3 ft) apart and not less than
conditions, changes can be ordered for removal of unsuitabl@00 mm (8 in) deep. For compacted embankments, the
material and for refilling as necessary. entire foundation surface is scarified or disked to a depth of
not less than 150 mm (6 in) in lieu of scoring. Foundations
Provisions for treatment of embankment foundations coverfor embankments are stripped of unsuitable material.
required items of work like stripping, scarifying, and
compacting the foundation surface. Stripping includes C. Earth Embankments and Linings.—In
removing all material unsuitable for embankment foundation. specifications for construction of earth embankments and
Necessary clearing of right-of-way, grubbing of stumps andlinings, general provisions are made to:
other vegetable matter and their roots, and burning or other

disposal of the material are required of the contractor. e Adhere to the dimensions shown on the drawings
¢ Provide allowance for settlement
As required, excavation for canals will allow slopes of e Grade the tops of canal banks

excavations and embankments for canals to be varied during e Distribute gravel, cobbles, and boulders uniformly
construction. Access ramps must not be cut into canal slopes throughout the fill

below the proposed water level in unlined canals or below

the top of the lining in lined canals. Above the canal section,
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Figure 3-33.—Placing and compacting thick earth lining in Welton-Mohawk Canal in Arizona.

¢ Prohibit use of frozen materials and frozen working required to borrow materials from areas designated by the
surfaces for canal embankments and built-up canalGovernment. Adequate berms are left between embankment
bottoms toes and adjacent borrow pits with 1-1/2h:1v slopes in the
pits unless otherwise specified. Borrow pits may require
Provisions are made for limiting the amount of backfill or drainage by open ditches.
compacted backfill that can beapkd about structures that
are built prior to excavation of the canal and construction ofSpecifications for earth canal embankments and linings
canal embankment. Using all suitable materials fromrequire that construction operations result in an acceptable
excavations for construction of fills is required. Excessand uniform gradation of materials to provide for low
material from excavation is used to strengthen canalpermeability and high stability when compacted, and that all
embankments or is wasted. Material, from cut not needed toock larger than maximum size specified [usually 75 or
strengthen adjacent embankment and excavated material ii?5 mm (3 or 5 in)] be removed before compaction. These
excess of requirements and unsuitable material, is depositegequirements are particularly important in lining construction
in waste banks on Government right-of-way. Stockpiling of because permeability is controlled by a relatively thin layer
suitable materials for use in earth linings or earth cover forof compacted soil. When blending fine-grained and coarse-
geomembrane linings may be required. grained soils (from different sources) is required to secure
the lining material desired, specifications usually require that
Where canal excavation at any section does not furnistihe fine soil be placed first, followed by the coarse soil, after
sufficient material for required fills, the contractor is which the two are blended. This procedure is used so that
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Figure 3-34.—Completed thick earth lining in Welton-Mohawk Canal in Arizona.

coarse lenses will not be left at the bottom of any finishedConstruction of fills for canals in the forms of earth

layer. Another requirementis that blending be accomplishecembankments, linings, backfill, and refill is covered by a

by a mixing machine built for the purpose of blending soils number of specifications paragraphs. Table 3-3 summarizes

or by equipment capable to produce comparable results angertinent provisions and shows relationships among the

specifically approved for the work. Weight of mixing different types of fills.

equipment is important because light-weight equipment rides

upward and is incapable of accomplishing proper blending. d. Riprap, Protective Blankets, Gravel Fills, and
Gravel Subbase.—Riprap or a coarse gravel cover may be

An item covering excavation and refill of inspection trenchesrequired:

is often provided in the specifications. This provision allows

proper inspection of materials, and blending and compaction e On canal side slopes

operations can be made from time to time, as required, to e At in-line structures

ensure an acceptable lining product. e On the outside banks of curves

¢ In places where wind-generated waves may cause
Sometimes, provisions are made for compacting clayey and erosion
silty subgrade soils of low permeahty for the base of a ¢ In areas where water velocity is otherwise high

compacted earth lining in the canal bottom. This base is
considered equivalent to about one 150-mm (6-in) compacted
layer in the canal bottom.
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Figure 3-35.—Geomembrane being placed over prepared subgrade.
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Figure 3-36.—Placement of a protective earth cover over a geomembrane.
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Table 3-3.—Materials and placing requirements for various fills used in canals

Type of construction
and where used

Material

Placement requirements

Embankment not
to be compacted.

For lined and
unlined canals.

Embankment to
be compacted.

For lined or unlined
canals.

Loose earth lining.

For lined canals.

Compacted earth
lining.

For lined canals.

Refill above lining.
For lined canals.

Loose backfill.
About structures.

Compacted backfill.

About structures.

Not specified

Suitable material from
required excavation or
borrow; remove plus 125-
mm (+5-in) material;
gradation must be
acceptable.

Impervious soil from canal
excavation or borrow;
uniform mixture required,;
depth of cut in borrow
areas to be designated;
uniform cutting of the face
of the excavation; no plus
75-mm (+3-in) rock; may
require blending.

Impervious soils from
canal excavation or
borrow; uniform mixture
required; depths of cut in
borrow areas to be
designated; uniform
cutting of the face of the
excavation; no plus
75-mm (+3-in) rock; may
require blending.

Selected from excavation
or borrow.

Approved material from
required excavation or
borrow.

Selected clayey and silty
material; from required

excavation or borrow; no
plus 75-mm (+3-in) rock.

Selected cohesionless
free-draining material;
from required excavation
or borrow; no plus 75-mm
(+3-in) rock.

Approximate horizontal layers. If built by excavating and hauling equipment, travel
is routed over the embankment. If built by excavating machinery, thickness of
layer is limited to depth of material as deposited by excavating machine. Water
may be required, either added at site of excavation or by sprinkling of banks.
Working may be required to secure uniformity of moisture and materials.

Prepare foundation; if clayey or silty soils, 150 mm (6 in) compacted thickness at
uniform optimum moisture; tamping rollers, 95-percent compaction. If
cohesionless and free-draining cohesionless and free-draining soils, horizontal
layers 150 mm (6 in) compacted thickness if rollers or tampers are used; 300 mm
(12 in) compacted thickness if tractor treads or other heavy vibrating equipment is
used; thorough wetting; 70-percent relative density.

Not specified.

Prepare foundation; if clayey or silty soil, 150 mm (6 in) compacted thickness at
uniform optimum moisture; tamping rollers, 95-percent compaction.

Not specified.

Amount can be limited by the contracting officer; method of placement not
specified, but subject to approval.

Horizontal layers; compacted thickness at uniform optimum moisture shall not
exceed 150 mm (6 in) or two-thirds the length of roller tamping feet, whichever is
the lesser; compacted thickness shall not exceed 160 mm (4 in) where
compaction is performed by hand or power tampers; 95-percent compaction.

Horizontal layers 150 mm (6 in) compacted thickness if rollers or tampers are
used; 300 mm compacted thickness if tractor treads or surface vibrators are used;
and not more than the penetrating depth of the vibrator if internal vibrators are
used; wetting by hoses, flooding, or jetting is required; 70-percent relative density.
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Riprap should be hard, durable, sound rock that ishaving a maximum dimension of more than 37.5 mm (1-1/2
predominantly angular and equidimensional. Reclamationin) have been removed. Material from gravel sources is
determines the durability of riprap by petrographic selected to include a sufficient quantity of natural
examination and freeze-thaw durability testing [20]. If a cementitious or binding material such that the surfacing will
source of wunknown quality is being considered, bond readily under the action of traffic. The desirable
representative samples of the material should be sent to thgradation conforms to ASTM D 1241 for Type |, Gradation
Denver laboratories for testing. A guide for evaluating C, surface-course material that satisfies the requirements of
potential riprap sources is presented in ASTM D 4992 [21].note 4 in D 1241 [23]. This gradationgoiuces a good
Properly graded riprap will provide long-term, stable distribution of all particle sizes with 8 to 15 percent fines to
protection. Gradation of rock particles should be well provide imperviousness and binding material. These fines
distributed between the maximum and minimum sizesare recommended to be in a limited range of plasticity such
permitted so placement will result in a firm mass with that the Pl is from 4 to 9, and the liquid limit, LL, is less
minimum void spaces. (See sec. 3-24.) than 35. Surfaces to receive the gravel surfacing should be
bladed or dragged to secure a uniform subgrade. Surfacing
A bedding layer of sand and gravel is normally required material is placed and spread uniformly on the prepared
between riprap and the embankment or lining. If the beddingsubgrade to required depth and dimensions and moistened if
is designed as a filter, it will provide resistance to erosionrequired. Geosynthetic fabrics may be used between the
from runoff or wave action while serving as a stable base forsubgrade and surfacing material to improve performance of
the riprap ([14], chs. 5 and 7). A geotextile may be used ashe surfacing material. Usually, minimum compaction is
a filter, but a layer of sand and gravel is still required required such as routing hauling and construction equipment
between the riprap and the geotextile to protect theover the entire width of surfacing to distribute the
geotextile. compacting effect of equipment to the best advantage.
However, where imperviousness and wearing surface are
For some canals, a coarse granular cover can be used asnaportant, the higher degree of compaction usually specified
beach belt or as a complete cover for an earth lined canafor roller compaction is required.
This gravel protection not only protects the banks against
erosion and wave action, but also reduces maintenance for 3-31. Control Techniques .—
weed control and improves the appearance of the canal.
Coarse gravel cover for a canal lining should: a. General.—Recognition of the importance of
controlling earth placement in embankments and canal linings
e Have a maximum particle size between 75 and 150has increased concurrently with knowledge of factors
mm (3 and 6 in) affecting stability of such structures. Not only must the
e Have between 5 and 50 percent of particles passing énspector be thoroughly familiar with provisions of the
4.75-mm (No. 4) sieve, specifications, but one must have a good understanding of
 Contain 10 percent or less fines passing a 75-mmdesign and construction principles involved and of field and
(No. 200) sieve [22]. laboratory tests used for control. The inspector should:

Gravel fills or gravel subbases can be pit-run gravel obtained e« Obtain all available information on design assumptions
by the contractor from approved borrow sources on  Obtain letters of instruction, laboratory reports, other

Government right-of-way or from sources provided by the reports, and specifications

contractor. The material should be less than 75 mm (3in)in e Check whether field conditions revealed are
size, reasonably well-graded, and contain a minimum amount compatible with assumptions made on the basis of
of fines. Sometimes, gradation limits are specified so there preconstruction investigations

is a reasonably good distribution of particle sizes from the

coarsest to the finest without a major deficiency of any sizeThe principles are equally applicable to foundations, whether

or group of sizes. Uncompacted gravel fill is placed in under earth or concrete structures.

uniform layers to the required thickness. If compaction is

specified, it is accomplished according to the provision for b. Subgrades and Embankment Foundations.—The

compacting cohesionless free-draining materials. subgrade and embankment foundation for a canal may consist
of rock or soil. Canal sections excavated in rock should be

Provisions for one-course gravel surfacing (of prescribedinspected to determine whether open structure or fissures

thickness), for operating roads and parking areas, requirexist that will cause excessive seepage or piping which would

material consisting of sand and gravel from which all rock require canal to be lined. Rock foundation surfaces on which

281



EARTH MANUAL

compacted earth is to be placed should be moistened befoilé fine-grained soils are to be placed as a sublining under
placing the first layer of earth, but standing water should notconcrete or membrane linings, or will be used for earth
be allowed. linings, the natural subgrade should be inspected for open
voids as in cobbly soils or fissure formations into which the
When canal sections are excavated in soils, or embankmenftse soil might erode. In such cases, the inspector should call
are constructed on soil foundations, greater care is requirethe conditions to the attention of supervisors so filter blankets
for inspection than for rock subgrades and foundationsor geosynthetic filters can be installed.
because of the nature of the material. In addition to noting
possible seepage or piping conditions, the inspector musthe inspector should make certain that all organic matter and
identify and locate conditions that could lead to large any soils that may become unstable upon saturation, such as
settlement and slope instability. During investigations for highly organic soils, loose silts, fine sands, and expansive
design of a canal, it is not economically possible to clays, are removed or properly treated for embankments and
predetermine all conditions which may be encountered.canal linings to the extent necessary to provide a safe, stable
Therefore, during excavation or stripping operations, thefoundation or subgrade under operating conditions.
inspector should call to the attention of supervisors theSpecifications requirements for stripping and scoring earth

necessity for: foundations for all canal embankments, and special treatment
for preparation of foundation surfaces for compacted

o Additional exploratory holes embankments and earth linings, are important details that
e Field penetration tests require careful visual inspection during construction.

e Permeability or density tests Determination of depth of stripping requires experience and

e Other sampling and tests good judgment because of compromise between what would

be desirable from a design standpoint and excessive cost.
to determine the extent of any materials of doubtful Good bond between the foundation and first layer of fill is
suitability for the foundation of embankments, for cut slopes, achieved by moistening the foundation rather than using a
or for canal subgrades. very wet embankment layer.

Some canal specifications require that reaches of canal to béoundation control information should be included in the
lined shall be determined immediately in advance ofearthwork portion of the monthly construction progress
construction by exploratory excavations, such as bulldozer oreport (L-29). If field density tests are made, the data can be
backhoe trenches dug by the contractor. In such cases, thheported along with the compacted earthwork control data
inspector must be familiar with the permeability (forms 7-1581A and 7-1581B), if properly identified. Other
characteristics of soils encountered, making use of in-placéest data, logs of holes, and observations can be included in
permeability tests as required. the narrative portion of the report. The forms above are
examples of how results of field and laboratory tests

The inspector should examine canal subgrade soils on canglerformed in conjunction with construction control are
slopes and bottom with respect to possible future seepage amdported. Form 7-1581A is used when the materials are
erosion. If high seepage losses are anticipated or if soils magontrolled using USBR 7240: Performing Rapid Method of
be anticipated, to erode badly under proposed operatingConstruction Controt, or by USBR 5500 and 5515
conditions, the inspector should call these facts to thelaboratory compaction of soifs. Form 7-1581B is for
attention of supervisors. If, upon further consideration, thesematerials controlled using USBR 5525, 5530 (minimum and
conditions appear to be critical, advice from the designeramaximum index density), and USBR 7250: Determination of
should be sought. Lined sections in areas of high groundPercent Relative Densify. Other forms, such as those
water must be protected against uplift by using drainage
systems, and these are normally specified. If such areas
previously unknown are observed during construction,
provisions should be made for installing pressure relief 1 _ , _
devices. Similarly, when high ground water is encountered 2 7240: ‘Performing Rapid Method of Construction Control.

- ) ! ] - 5500: Performing Laboratory Compaction of SeBs5-lbm
near silty or fine sandy subgrade soils of concrete-linedrammer and 18-in Drop.
sections in freezing climates, attention should be directed to  5515: Performing Laboratory Compaction of Soils Containing
this fact so frost-action preventive measures can be instituted>ravel-
if necessary.

5525:  Determining the Minimum Index Unit Weight of
Cohesionless Soils.

5530: Determining the Maximum Index Unit Weight of Cohesionless
Soils.

7250: Determination of Percent Relative Density.
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generated by computer program PCEARTH (see sec. 3-27)soils from borrow may be added to soils from excavation to
can be used as long as all pertinent information is shownimprove erosion resistance for lining or cover purposes.
Information on current computer software programs isProportions of soils to be blended are determined earlier by
available and can be obtained from the Denver Office. laboratory testing. The inspector has responsibility to ensure

that materials are properly proportioned and mixed.

c. Earth Embankments and Linings.—Depending  Normally, excavation materials, to be used for one of the

upon design requirements, earth embankments for canals arfdended materials, are required to be completely removed
laterals may consist of impervious or pervious soils placedirom the section and to be placed in the lining layer to the
loose, partially compacted by equipment or well compacteddepth required for proper proportioning. The correct depth
by rollers, or a combination of these. Earthwork control of fine soil is placed first, followed by the correct depth of
inspection of loose embankments consists only of makingcoarse soil; then, blending is allowed.
sure that proper types of materials are being used, that
material is uniformly placed, and that layers are of properGenerally, blending is specified to be done by a machine
thickness when layer thickness is specified. Normally, thedesigned for mixing soils or by other equipment which
finest available material is placed on the canal prism sideobtains comparable results. Therefore, the inspector must
and coarser materials are placed toward the outside of thensure that equipment being used provides a uniform blend
embankment. When specifications require partial of soils for the total layer depth. This is done by frequently
compaction by routing equipment, inspection requirementsdigging holes through the blended layer before compaction to
noted above are applicable, and the inspector should makebserve uniformity of the layer after blending. When soils
sure that hauling and spreading equipment is routed so as wf different colors are blended, color of the mixture at
provide the most uniform coverage and best compaction. Irdifferent depths in the layer is a useful index indicating
some instances, uniform moistening of partially compactedeffectiveness of the mixing operation. Compaction should
fill material is specified. Normally, the water required is not be allowed to proceed until a satisfactory blend has been
that amount which will provide a total moisture equivalent to attained. Inspection trenches should be requested frequently
optimum moisture content for the compactive effort being at the beginning of a blended lining contract, and at lesser
applied. Standard laboratory optimum moisture content mayrequency as the job progresses, so results of the contractor's
be used. Density tests are not taken for fill placed in thisblending and lining operations can be visually observed.
manner.

Cobbles larger than specified, usually 75 or 125 mm (3 or
Control of compacted impermeable soils in embankment and in), must be removed before compaction. This is

compacted earth lining consists of: especially important in all types of compacted earth linings
where a relatively thin section is relied upon for seepage
e Inspecting materials used control. Pockets of cobbles provide certain access for water
e Checking amount and uniformity of soil moisture loss and piping. Often, cobbles are buried in the layer being
e Maintaining thickness of layer placed and are difficult to detect or to remove. Therefore,
e Determining the percentage of standard laboratoryif the percentage of oversize material is large, some means
maximum dry density of the fill should be provided for removing this material at the point of
excavation.

Using the available logs of explorations and careful
observation of excavations for the canal, appurtenantThe inspector is responsible for controlling water content of
structures and borrow areas will be useful in selecting thehe soil to that which is "optimum for compaction” and to
best soils for use in compacted embankments and eartBnsure that moisture is uniform throughout the layer to be
linings. In borrow areas, the depth of cut can be regulatedcompacted. If the soil is several percentage points dry of
to obtain high quality and uniformity of soil. Deposition of desired moisture content, it is more efficient to add most of
each load of material on the fill is directed to control the water at the location of excavation with only
uniformity. The thickness of loose lift required to result in supplemental sprinkling after the layer has been spread.
a 150-mm (6-in) compacted layer must be determined andhfter sprinkling, mixing is required to produce a uniform
regularly checked. moisture condition throughout the layer before compaction
can proceed. Moisture uniformity should be evaluated
Blending of two or more materials is sometimes specified tofrequently by digging holes in the loose layer just before
produce suitable soils for earth linings. Most commonly, compaction. Unless otherwise specified, optimum moisture
fine soil from borrow is added to pervious coarse soilsrequirements must be enforced for canal embankments and
obtained from excavation to decrease permeability. Coarsénings even though required density can be obtained at other
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moisture conditions. Adverse settlement and permeabilityinasmuch as the adequacy of compaction is specified in terms
properties may result if placement moisture is too low; andof soil density achieved, the inspector is responsible to
adverse shear strength properties may result if placemerdarrange or perform sufficient tests to ensure adequacy of
moisture is too high. Therefore, the inspector must becompaction for acceptance purposes. At the beginning of
prepared to request application or removal of moisture, agny work, a considerable number of tests are required to
required. ensure construction operations are producing required
results. Then, the number of tests required is that necessary
Control of pervious material includes visual inspection of to ensure that specifications requirements are being satisfied.
material for free-draining characteristics and uniformity of Because of the widespread operations of canal work, the
material. Thickness of layer is controlled, depending on typenumber of field density tests required for adequate control
of compaction. A thickness of: cannot be positively stated. The following is a guide for the
minimum number of field density tests:
e Not more than 150 mm (6 in) after compaction is
specified if smooth or pneumatic-tire rollers are used e For all types of earthwork, one test for each work

e Not more than 300 mm (12 in) after compaction is shift
specified if vibrating rollers or tractor treads are used e For canal embankments, one test for each 2,000 m
e Length of vibrator if internal vibrators are used (2,000 yd)

e For compacted canal linings, one test for each
Each layer must be thoroughly wetted during the compaction 1,000 ni (1,000 yd)

operation for all types of compaction. e For compacted backfill or for refill beneath structures:

Adequacy of compaction and moisture control of impervious i. Hand tamped (mechanical tamping), one test for
or pervious soils is controlled by field density test USBR each 200 (200 yd)

7205 or 7220 in conjunction with USBR 7240 Performing ii. Roller or tractor compacted, one test for each
Rapid Method of Construction Control for clayey and silty 1,000 ni (1000 yd)

soils;* or the relative density tests USBR 5525, 5530, and

7250 for pervious sand and gravel séilé/nless otherwise e One complete permeability settlement test should be
specified, minimum acceptable density is 95-percent made in the laboratory for each 10 density tests for
laboratory maximum density for the minus 4.75 mm (-No. 4) compacted canal linings, impervious embankments,
fraction of clayey and silty soils and 70-percent relative and impervious backfill.

density for the minus 75-mm (-3-in) fraction of pervious sand

and gravel soils. For soils that are borderline between siltyWhen field density tests are performed in relatively narrow
and clayey soils controlled by the compaction test andcompacted earth linings where equipment travel is essentially
pervious sand and gravel soils controlled by the relativealong a constant route, density tests should not be taken in
density test, control is based on either 95-percent laboratoryhe tractor or wheel tracks. At such locations, density may
maximum density or 70-percent relative density, whicheverbe considerably higher than the average density of normally
produces the highest in-place density. Table 3-1 is a guideolled lining.

for determining materials for which the relative density test

is applicable. Horizontal and vertical control must be available so the
inspector can adequately locate each field density test.
Usually, locations are defined in terms of station, offset from
canal (or structure) centerline, and elevation above bottom
grade. The inspector is responsible for locating these tests so
a complete representative record of finished work is
available. Companion laboratory tests by the rapid method
of construction control for clayey and silty soils and relative
density tests for free-draining sand and gravel soils should be

47205: Determining Unit Weight of Soils Indle by the Sand-Cone

Method . .
7220: Determining Unit Weight of Soils Inde by the Sand Made for each density test. A laboratory compaction test or
Replacement Mébd in a Test Pit _ a relative density test is required for each control field
7240: Performing Rapid Method of Construction Control density test so the percent compaction or relative density,

5525: Determining the Minimum Index Unit Weight of
Cohesionless Soils

5530: Determining the Maximum Index Unit Weight of Cohesionless
Soils

7250: Determination of Percent Relative Density

respectively, can be computed.
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F. Pipelines

3-32. Design Features .—Reclamation uses buried support must be constructed on the bottom of the pipe to
pipelines for pumping plant discharge lines, irrigation distribute the load. Proper soil support on the bottom of the
laterals, and distribution systems for domestic, municipal, pipe is necessary to maintain the grade of the pipe and to
and industrial deliveries. These systems may be constructeprevent unequal settlement.
using one or more types of pipe such as:

Flexible pipe includes:
¢ Reinforced concrete pipe

¢ Reinforced concrete cylinder pipe e Steel pipe
e Steel pipe with a number of combinations of coatings » Pretensioned concrete cylinder pipe
and linings e Ductile iron pipe over 500 mm (20 in) in diameter
¢ Pretensioned concrete cylinder pipe e Fiberglass pipe
e Ductile iron pipe e PVC pipe
e Fiberglass pipe e HDPE corrugated pipe

e Polyvinyl chloride (PVC) pipe
 High-density polyethylene (HDPE) corrugated pipe Generally, steel pipe is lined with cement-mortar, either in
the factory or in place after installation. The coating can be
Usually, the type of pipe is selected by the contractor fromcement-mortar or some type of flexible coating such as
several acceptable types described in Reclamatiorpolyethylene tape wrap.
specifications.
Flexible pipe is designed to transmit the load on the pipe to
Buried pipe is a structure that incorporates both thethe soil at the sides of the pipe. As load on the pipe
properties of the pipe and the properties of the soilincreases, the vertical diameter of the pipe decreases, and the
surrounding the pipe. Structural design of a pipeline is basedorizontal diameter increases. The increase in horizontal
on certain soil conditions; construction control is important diameter is resisted by the soil at the sides of the pipe.
to ensure these conditions are satisfied. Two basic types dkdequate soil support on the sides of the pipe is essential for
pipe are usedrigid and flexible. Pipe of 250-mm (10-in) proper performance of the pipe. The side-soil support must
nominal inside diameter and smaller can be considered eithdpe strong enough to carry the applied load without allowing
rigid or flexible, but Reclamation designs this size pipe to bethe pipe to deflect more than the allowable amount for the
relatively independent of soil conditions. Installation specific type of pipe. Proper soil support on the bottom of
requirements for pipe are different for each condition: rigid, the pipe is necessary to maintain the grade of the pipe and to
flexible, and 250-mm diameter and smaller. Rigid pipe mustprovide uniform support.
be supported on the bottom portion of the pipe. Flexible pipe
must be supported both on the bottom and on the sides of theipe 250-mm (10-in) nominal inside diameter and smaller do

pipe. not require any compaction of the soil placed around the
pipe. While pipe less than 250 mm may be a type otherwise

Rigid pipe includes: considered rigid or flexible, Reclamation designs pipe of this
size to be strong enough to withstand the backfill load

¢ Reinforced concrete pressure pipe without any special soil support. Figure 3-37 shows typical

e Ductile iron pipe 500 mm (20 in) and less in diameter installation requirements for pipe 250-mm diameter and

¢ Reinforced concrete cylinder pipe smaller. Pipe 250-mm diameter and smaller includes PVC,

steel, and ductile iron.
Rigid pipe is designed to transmit the backfill load on the
pipe through the pipe walls to theuhdation beneath the 3-33. Specifications Provisions .—Typical trench
pipe. The pipe walls must be strong enough to carry thidetails for buried pipe are shown on figure 3-38. The
load. A concentrated load at the o bottom of the pipe  specifications describe type of soil and compaction
is the worst possible loading case. If load can be distributedequirements for the foundation, bedding, embedment, and
over a larger area on the top and at the bottom of the pipebackfill.
the pipe walls do not have to be designed as strong as for a
concentrated load. Normally, soil backfill load is well The foundation is the in-place material beneath the pipe. If
distributed over the top of the pipe. However, proper the foundation is unsuitable, a minimum of 150 mm (6 in) of
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Figure 3-37.—Installation requirements of pipe 250-mm in diameter and smaller.

material must be removed and replaced with compactedupport for the pipe. Peat or other organic soils are highly
material. Removal and replacement of material to 1 to 2 mcompressible; significant settling of the pipe may occur if
(3 to 6 ft) depth or more may be necessary to attain a suitablthese soils are left in the foundation. Foundation materials
foundation for the pipe. disturbed during construction must be removed and replaced
with material that is compacted.
Unsuitable foundations include potentially expansive material
such as shale, mudstone, siltstone, claystone, or dry, dendéaterial is placed and compacted to replace the excavated
fat clay (CH). These materials may expand when wettedfoundation. Fat clays (CH) must not be used because
Uplift pressures created from expansion of these materialsnoisture changes can cause significant volume increase or
have been known to cause broken backs in rigid pipe. decrease. Elastic silts (MH), peat, or other organic material
must not be used because they are highly compressible; nor
Another type of unsuitable foundation includes soft, unstableshould frozen soils be used. Material that allows migration
soils such as very wet soils that flow into the excavation,of fines should not be used for a replaced foundation; for
low-density soils, peat or other organic material. A soft, example, a crushed rock or gravel material containing
unstable foundation may result in uneven settlement of thesignificant voids should not be placed next to a fine-grained
pipe. Low-density soils may collapse upon wetting. Very material. The fine-grained material can migrate into the
wet, unstable soils must be removed to provide a stableroids and result in the rock particles floating in a matrix of
foundation that will maintain grade and provide uniform fine-grained material. This would cause loss of support for
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Figure 3-38.—Typical trench details.

the pipe and result in uneven settlement. Any method ofFor pipe diameters 1,525 mm (60 in) and over, bedding is
compacting the replaced foundation may be used; however150 mm (6 in) thick.
specified density requirements must be satisfied.
The surface of the bedding shall be fine graded so that the
For both rigid and flexible pipe, the bedding is a layer of final grade of the pipe does not exceed specified departure
uncompacted select material placed over the foundation (ofrom grade. Settlement of the pipe into the uncompacted
the replaced foundation). The pipe is laid on the bedding soil must be taken into account. For bell-and-spigot
uncompacted bedding. For pipe diameters between 300 arjdinted pipe, "bell holes" must be excavated in the bedding
1,375 mm (12 and 54 in), bedding is 100 mm (4 in) thick. to provide a space between the bottom of the bell and any
soil. This may require that material beneath the bedding also
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be excavated. This bell hole prevents a point loadingconstruction. "Bell holes" for bell-and-spigot pipe, sling
condition on the bell end of the pipe. holes for large diameter pipe, and spaces left for joint
treatmentfor other than bell-and-spigot pipenust be filled
After laying the pipe on the bedding, embedment soil isafter the pipe is laid. Embedment soil must be compacted the
compacted underneath and beside the pipe up to the specifiebmplete width of the trench. Embedment soil shall be
height. For rigid pipe, embedment soil is placed andplaced to about the same elevation on both sides of the pipe
compacted to a height of 0.37 units of the outside diameter ofo prevent unequal loading and displacement of the pipe.
the pipe. Embedment soil must be a select material and must/here trenches have been left open at pipe-structure
be compacted to a relative density not less than 70 percenjunctions, requirements (as previously stated) for pipe
It is important that soil placed in the haunch area of the pipeembedment must be continued to the structure after it is
receive sufficient compactive effort to meet the 70-percentconstructed but before the excavation is backfilled.
relative density requirement. Compaction by saturation and
internal vibration is an effective method of working the selectFor silty or clayey soils, the thickness of each horizontal
material into the haunch area and of obtaining the requiredayer after compaction shall not exceed 150 mm (6 in). For
density. For flexible pipe, embedment soil is placed to acohesionless, free-draining material such as sands and
height of 0.7 units of the outside diameter of the pipe. gravels, the thickness of the horizontal layafter
compactior-shall not exceed:
The select material used for pipe embedment must be
cohesionless and free-draining (5 percent fines or less), have e 150 mm if compaction is performed by tampers or

a maximum size of 19.0 mm (3/4 in), and not more than rollers

25 percent of the soil shall pass a 300 um (No. 50) sieve. e More than 150 mm if compaction is performed by
treads of crawler-type tractors, surface vibrators, or

Where the pipeline grade exceeds 0.3 units, silty or clayey similar equipment

material may be used instead of the specified select material e More than the penetrating depth of the vibrator if
for bedding and embedment. This change is allowed because compaction is performed by internal vibrators
of the difficulty encountered in compacting by saturation and
vibration on steep slopes. If cohesive soil is used for beddin@ackfill over the pipe should be placed to a minimum depth
or embedment, density requirements must still be satisfiedpf 1 m (3 ft) or one-half pipe diameter (whichever is greater)
the inspector must be sure that soil placed in the haunch areadove the top of the pipe before power-operated hauling or
is compacted as specified. rolling equipment is allowed over the pipe. In addition,
limitations may be imposed on weight of equipment traveling
Most soil types may be used for backfill over the pipe, over the pipeline. Equipment crossings, detours, or haul
except there are maximum particle size restrictions. A limitroads crossing the pipeline must be approved prior to use.
is placed on the maximum particle size (limitation depends on
type of pipe) in a zone 300 mm (12 in) around the pipe.Pipe 250-mm (10-in) diameter and smaller can withstand the
Outside this zone, any rock particle with any dimensionweight of backfill without special soil support. Compacted
greater than 450 mm (18 in) is not allowed in the backfill. soil around this pipe is used only on the outside of horizontal
Frozen soils shall not be used. Where backfill is to becurves or where the pipe crosses under another conduit, and
compacted to the ground surface, such as at road crossingsnder a roadway, canal, ditch, or structure. Previous
peat or other organic materials shall not be used. Locatomments on adequacy of a foundation, however, still
requirements for compacted backfill under roads must bepertain to 250-mm pipe.
satisfied. Backfill material must not be dropped on the pipe.
For pipe 80 to 250 mm (3 to 10 in) in diameter, 100 mm
3-34. Construction Control .—Soil placed againstthe (4 in) of uncompacted material are required as bedding
pipe must be in firm, complete contact with the pipe. between the pipe and the foundation. Maximum particle size
Compacting soil in the haunch area of a pipe is the mosof the bedding material is 19.0 mm (3/4 in). Peat or other
difficult part of pipeline construction; this compaction must organic material shall not be used as bedding. The
be carefully monitored. A test pit should be dug at regularuncompacted material can be imported or the bottom of the
intervals to inspect the haunch area and to determine densigxcavation can be loosened by scarifying if the in-place
of soil in the haunch area. When using saturation andmaterial is suitable. The main requirement for pipe 250 mm
vibration, the area under the bottom of the pipe must beand smaller is suitability of the foundation.
inspected to ensure the pipe did not "float" during
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3-35. Construction Control Requirements .— Trench type 2s where trench wall soil has a strength or
Trench dimensions, minimum installation width, slope of the firmness equivalent to the embedment. These soils include:
trench walls, trench depth, and side clearance of flexible pipe

must always be carefully checked. e Silty or clayey material with in-place densities less
than 95 percent compactiebut over 85 percent

A minimum installation width,W, is specified to ensure a compaction

minimum distance between the pipe and the trench wall. e Cohesionless soils with in-place relative densities

Enough clearance must be allowed to inspect pipe joints and between 40 and 70 percent

to compact the embedment. This clearance is particularly

critical for vertical trench walls. Minimum installation width Minimum side clearance for trench type 2 installation is
is measured at the top of the foundation. For trench slopessqual to the outside diameter of the pipe.

the most recent Reclamation or Office of Safety and Health

Administration requirements should be consulted. However,Trench type 3s where trench walls are much softer than the
State or local regulations may override these requirementsembedment. Soils in this category include:

The trench wall slope must begin at the bottom of the

excavation, which includes any additional excavation of e Peat or other organic soils

foundation material. e Elastic silts (MH)

¢ Low-density silty or clayey material (below 85 percent
For flexible pipe, side clearance between the pipe at the compaction)
springline and the trench wall must be checked for all e Low-density cohesionless soils (below 40 percent
conditions, including shored trenches, sloping trench walls, relative density)

and vertical walls. This clearance is required in addition to
the minimum installation width and may require, in some Minimum side clearance for trench type 3 is equal to two
cases, a wider trench bottom than the minimum installatiorpipe outside diametersnaking a total trench width of five
width. pipe diameters measured at pipe springline. Generally, this
is impractical so, in trench type 3 areas, rigid pipe may be
Performance of flexible pipe depends on soil at the sides ofpecified. During construction, if unexpected areas of trench
the pipe for support [24]. This side soil support results fromtype 3 conditions are encountered, changes to the type of
the combination of embedment and trench wall soil. Thepipe or method of construction must be made to obtain a
width of the trench depends on the relative firmness ofproper installation.
embedment and trench wall material. If the trench walls are
firmer than the embedment, embedment soil is used to fill theDuring investigations where types 2 or 3 trench may be
space between the pipe and the trench walls. If the trenchequired, areas along the pipeline must be identified.
walls are soft and easily compressible, most of the side soiParticular attention should be paid to stream crossings,
support must come from the embedment. As shown orloessal deposits, talus slopes, and landfills.
figure 3-39, three types of trenches are specified which state
the minimum clearance between the pipe and the trench wallhe specifications requirements pertain to one method of
measured at springline of the pipe [25]. pipeline construction acceptable to Reclamation. Other
acceptable installation techniqgues may be used. Sometimes,
Trench type Jis where trench wall material is stronger or pipe design may have to be changed to be compatible with
firmer than the embedment. Typical trench wall materialsthe installation method. It is not uncommon to provide a
would be rock; materials described as: stiffer pipe than specified, so the density requirement for
embedment may be lowered.
e Claystone, mudstone, or siltstone
e Strongly cemented soils even though of low density 3-36. Soil-Cement Slurry Pipe Bedding .—When
¢ Cohesionless soils with in-place relative densities overconditions warrant, the contractor may choose to install pipe
70 percent using soil-cement slurry as an alternate to the standard
e Silty or clayey material with in-place densities over compacted soil embedment. The trench is trimmed to a
95 percent compaction semicircular cross section (or other approved shape) slightly
larger than the pipe (as shown on figure 3-40). A
For trench type 1 installation, minimum side clearance is 250s0il-cement slurry is used to fill the gap between the pipe and
mm (10 in) for pipe 450 mm (18 in) and smaller, and 450the in place soil. Since soil-cement transfers the load from
mm for pipe larger than 450-mm diameter.
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SIDE CLEARANCE TABLE

TRENCH MINWMUM SIDE CLEARANCE
TYPE INCHES)
10 INCHES FOR 127 THRU 18" LD.
! 18 INCHES FOR OVER 18" 1D
2 ONE 0.0
E; TWO 0.0

For location of Trench Types, see Specifications.
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Figure 3-39.—Side clearance requirements for flexible pipe.
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Figure 3-40.—Soil-cement slurry installation.

the pipe to the trench material, the native soil must be able t@ne distinct advantage in using soil-cement slurry is that soil-

provide the necessary support for the pipe. Typically, in-cement may be produced using local soils. The soil can

place materials that categorize as trench type 1 wouldccontain up to 30 percent nonplastic or slightly plastic fines.

qualify. Although clean, concrete sands have been used, the presence
of fines helps keep the sand-size particles in suspension.

The trimmed shape is advantageous because it reducékhis allows the mixture to flow easier and helps prevent

excavation quantities and handling of excavated soil. Placingegregation. The allowable maximum particle size, limit of

soil-cement slurry is quicker than replacing and compactingorganic material, and other requirements are usually

soil beneath and beside the pipe. This faster installation is apecified.

distinct advantage where construction work space is limited

or where time of installation is critical. Soil-cement slurry typically has a water-cement ratio of about
2.5 to 3.5 to attain required flow properties. Generally,

Soil-cement slurry is a combination of soil, portland cement,internal vibrators are used to ensure that the slurry

and enough water so the mixture has the consistency of eompletely fills the annular space around the pipe.

thick liquid. In this form, the slurry flows readily into

openings and provides a hardened material with strengtifCentral batch plantswith the slurry delivered in ready-mix

greater than the in place soil. trucks—or portable batch plants have been used to mix soil-
cement with the latter normally used when soil comes from

Allowable ingredients and specific placement requirementstrench excavation. Materials to be used and method of

are given in the construction specifications. Typically, mixing depend on availability of local materials and

soil-cement slurry contains about 6 to 10 percent portlandequipment.

cement by dry mass of soil. Some cementitious fly ashes

have been successfully used in place of cement. Construction control of soil-cement slurry involves only two
factors: (1) proper proportioning of the mixture and
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(2) ensuring that the slurry completely fills the annulus 1,400 kPa (100 and 200 Ibffjn Higher strength is not
between pipe and trench walls. Proper mixture is checked byesirable because structural characteristics of the pipe may be
determining the unconfined compressive strength at 7 daysiltered.

for minimum and maximum strength requirements of 700 and

G. Miscellaneous Construction Features

3-37. Highways and Railroads .—During are removed or excavated to a depth of not less than 150 mm
construction, public utilities, communication systems, or (6 inches) below subgrade.
transportation systems (including highways and railroads)
may need to be relocated. Normally, a relocation agreemerfExcavation below subgrade is refilled to subgrade with
is entered into with the owner of the facility. Provisions of material obtained from excavation for the roadway or from
the relocation agreement will require either the owner orborrow pits; the refilled material is compacted equivalent to
Reclamation to design and construct the relocation ofthe compaction required for embankments. Provisions are
facilities according to design and construction standardmade in the paragraph on roadway excavation for dealing
agreed upon. with slopes shattered or loosened by blasting and slides
extending beyond the established slope lines or below
a. Design Features.—The design of a highway or subgrade. Provisions for constructing side drains and for
railroad consists of selecting and laying out the roadway orexcavating around trees, poles, or other objects that are to
roadbed alignment, designing and detailing requiredremain within the right-of-way for the roadway are also
structures, and preparing specifications for constructing thegiven in the paragraph on roadway excavation.
facility. As a basis for agreement on the design and
construction of relocated highways, Reclamation usesProvisions are included in paragraphs on preparation of
American Association of State Highway and Transportationsurfaces under roadway embankments for surface treatment
Officials standards and manuals, the standards of the statnd for removal of unsuitable materials. Surfaces of sloping
highway departments, and general highway constructiorground underneath embankments must provide bond with the
practice. For the design and construction of relocated ang@mbankments and to prevent slipping. Where embankments
access railroads, Reclamation uses American Railwayplaced onsmooth, firm surfaces and where low embankments
Engineering Association manuals, the railroad's ownare placed, the original ground surface is thoroughly plowed
standards, and general railroad construction practice. or stepped to ensure proper bonding of new and existing
material. When embankments are placed on steep rock
Access roads for use by the contractor and the Governmersdopes, trenches are blasted into the rock surface for
are designed and constructed by Reclamation according tékeying” the embankment to the rock surface. The
Reclamation standards. These standards are based on loggintractor must strip the area under an embankment of all
proven methods of road construction which permit usingunsuitable material to depths as directed.
local materials and services of local contractors experienced

with construction equipment designed for such work. Roadway embankments are constructed to established lines
and grades and increased by such heights and widths as
b. Earthwork  Specifications  Provisions.— necessary to allow for settlement. Brush, roots, stumps, sod,

Specifications for constructing a railroad or highway will or other unsuitable materials are not permitted in
contain a paragraph on roadway excavation. This paragrapﬁmbankments. Hard material or hard lumps of earth more
will require the contractor to construct the roadway tothan 300 mm (12 in) in size must be broken down, or
dimensions shown on drawings or as staked and to prescribgg¢moved, and boulders and cobbles more than 150 mm (6 in)
lines and grades. Drawings include profiles of gradelinesin diameter are not permitted in the upper 600 mm
either to finished grade or to subgrade. The term "subgrade(24 inches) of embankment. Given a choice of materials, the
refers to the top of embankments and to the bottom ofbest are used in the upper 300 mm of the embankment.
excavations ready to receive the roadway surface or thélaterial is not permitted in embankments when either the
railroad ballast. In rock excavation, the bottom of the cut ismaterial or the surface on which it is to be placed is frozen.
excavated to 150 mm (6 in) below subgrade; and, in commof§s00d distribution of cobbles and gravel within the
excavation, all loose rock fragments, cobbles, and boulderémbankment is required when such material is being used.
Rockfill embankments are constructed so large spaces are not
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unfilled. When directed, rock fragments are deposited in therequired between the outside toe of the embankment and the
outer portions of embankments to protect the slopes againgdge of the borrow pits, with provisions for a side slope of
erosion. 1.5h:1v to the bottom of the borrow pit. Where directed for
drainage or other requirements, the berm between the toe of
The contractor's combined excavation and placing operationthe embankment and the borrow-pit slope should be no less
should ensure that material in the embankment will bethan 12 m (40 ft) wide. Provisions are made for connecting
blended sufficiently to secure the best possible degree opit to pit with waterways, unless otherwise directed, and to
compaction and stability. The required thickness of layers iprovide ample drainage and leave no stagnant pools. Unless
300 mm (12 in) after compaction for earthfill and not more otherwise approved, the bottoms of pits near bridge and
than 600 mm (24 in) after compaction for rockfill. Layers culvert openings are not permitted to be excavated below the
are constructed across the entire width of embankments anclilvert or bridge. The borrow pits should be left in a
must be built to the required slopes rather than widened withheasonably smooth and even condition.
loose material dumped from the top. On sidehill fills, where
the width is too narrow to accommodate hauling equipment, c. Control Techniques.—Many of the control
end dumping is used until the width of the embankmenttechniques discussed in preceding paragraphs are applicable
becomes great enough to permit using hauling equipmentto highway and railroad embankments. Moisture content-
The contractor is required to route hauling equipment overdensity relationship of soils and related field control methods
the layers already in place and to direct travel evenly overare fundamental for any earthwork construction where
the entire width of the embankment so as to obtain thecompaction of soil is required. However, the same degree of
maximum amount of compaction possible. control may not be practical nor required for highway and
railroad embankments.
Moistening and compacting roadway embankments may be
necessary where normal construction technigues will notControl requirements vary depending on standards adopted
result in proper densification. Where sufficient moisture is by the various agencies involved with Reclamation in the
not available in the material, additional water must berelocation agreement. The inspector should first become
provided by sprinkling as the layers of material are placed orfamiliar with the appropriate requirements and standards and
the embankments. Moistening must be uniform; harrowing,adapt the techniques discussed for embankment dam
disking, or other working may be necessary to produce ambankments to the requirement. The principal differences
uniform moisture content. Material containing excessin control are:
moisture must be permitted to dry to the extent required

before being compacted.

The amount of embankment rolling depends on the nature of
the material compacted and the extent of compaction
required; rolling will be specified for each embankment or
portion of an embankment. Reclamation usually follows
State highway specifications when embankments are built for
a State highway department. Generally, highway department
specifications are of the performance type where only the end
result is specified. For this type of specification, the
contractor usually selects the equipment to obtain the end
result. If highway and railroad embankments are not built
according to State specifications, Reclamation will build
them using an end-result type of specification requiring the
fill to be compacted to 95 percent laboratory maximum dry
density.

Additional material for construction of embankments and for
excavation refills in rock cuts is obtained by widening the
cuts, flattening the slopes on either or both sides of the
centerline, or from borrow pits. If additional material is

taken from borrow pits adjacent to the roadway, a berm of

1. Moisture, if required, for the most part will be added
to material on the fill. Usually, moisture content should
be as near as possible to the optimum required for
maximum compaction.

2. Density requirements are usually specified as
percentages of laboratory maximum dry density and vary
according to the maximum dry density of soil.

3. The frequency of testing required to maintain control
on these embankments is not standardized. For each fill
location, the quantity of water and the amount of rolling
required must be determined rapidly so the information
may be used when constructing the fill.  Since
construction of a fill may be a relatively short operation,
moisture and rolling requirements must be established
quickly. The rapid method of construction control
(USBR 7240) can be used for compacted highway and
railroad embankmenfs.Where compaction is required
by the specifications, one in-place density test should be
made for each 2,000%2,000 yd) of compacted fill.

original unbroken ground, not less than 3 m (10 ft) wide, is
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4. Conformance with certain specifications provisions Loosened or disturbed natural material must be either

can be determined by visual inspection, such ascompacted or removed and replaced with suitably compacted
preparation of foundation soils, and defios of material. When excavation for concrete structures is in rock,

material. Selection of borrow materials required in rock should be excavated so there will be more than 150 mm
embankment dam construction may not be required for(6 in) between rock points and the bottom of the concrete
highway or railroad work. slab. This space is filled with compacted soil. For other

5. Thickness of layers, whether they are to bestructures, concrete is often placed directly on rock which

compacted by roller or equipment, is normally specified; has been previously cleaned and dampened. Large unit
control of layer thickness is the inspector's loadings may be used in this case.

responsibility. Where embankment is to be compacted

by equipment travel, distribution of travel over the Construction of small miscellaneous structures usually

embankment should be directed to obtain the maximuminvolves a variety of earthwork problems because of the

amount of compaction. numerous structures involved, the extent of the work, and the
many different soils encountered in foundation soils and
3-38. Miscellaneous Structures .— backfill materials. For larger structures (i.e., powerplants

and pumping plants), where loadings are moderately high and

a. General.—In addition to large earth structures such settlements must be small, explorations are normally

as dams and embankments, many earthwork features relag®nducted before designs are prepared to determine
to smaller structures built by Reclamation. These structuresompetency of foundation soils. Measures to improve the

include: competency of foundation soils, if needed, are usually known
ahead of time and are included in plans and specifications.
e Pumping plants Often, it is impractical to perform adequate predesign
e Powerplants explorations, so provisions for drilling exploratory holes or
e Bridges performing testsafter the excavation has been
e Substations completed-are contained in the specifications. Usually, itis
e Warehouses impractical to perform detailed investigations of foundation
¢ Residences soils for the numerous small structures built by Reclamation.
Regardless of the amount of prior exploration, the inspector's
various types of canal structures such as: responsibility is to make sure that soil conditions, which can
be observed upon completion of excavation to grade, are
e Checks compatible with design assumptions. If any doubt exists
e Drops concerning adequacy of foundation soils, this fact should be
e Turnouts brought to the attention of the supervisor.
e Siphons
e Pipelines Several methods can be used to check properties of
e Overchutes. foundation soils. When sands are involved, the field

penetration test, with split-tube sampler (USBR 7015),
Although foundation loadings for most of these structures argorovides a rapid method for determining the relative density
normally light, moderately heavy loadings on soils are notof soil.” The relationship of blow counts to relative density
uncommon for larger units. Even for small structures soft,was shown on figure 1-15. Unless otherwise specified,
highly compressible, or expansive seilt natural moisture 70 percent relative density of sands can normally be
content or in a future wetted statmust be examined considered adequate for all but very heavy loadings. For
carefully. Care must be exercised when compactingvery fine sands, 80 percent relative density is often used.
embankment and compacting backfill about these smalleiGravelly soils containing at least 50 percent gravel and
structures. graded up to coarse sizes can be considered to have adequate

shear strength and satisfactory consolidation properties for

b. Structure Foundations on Soil or Rock.—The most Reclamation structures if the in-place relative density is

contractor is required to use methods of foundation soil60 percent or greater. In-place density tests (USBR 7205,
preparation, including moistening and tamping if necessary,
which will provide appropriate foundation soil conditions.
Excavation is made to lines and grades shown on drawings or
as directed when subsurface conditions become known.

Additional excavation is refilled and compacted, as specified. ' 7015: Performing Penetration Resistance Testing and Sampling of
Soil.
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7206, 7215, 7220, 7221, or 723and the index unit weight When qualitative tests indicate doubtful support more detailed
tests (USBR 5525 and 5530) can be used with USBR 7250 ttesting is necessary. Usually, this is accomplished by
determine the relative density of sand, sand-gravel, andecuring undisturbed soil samples and testing them in the
gravel soils® laboratory.

As presented on figure 1-16, the relative consistency ofWhen bottom grade of a structure is known to be below the
saturated fine-grained soils can be estimated using data fromwater table, provisions are usually contained in the
the standard penetration test (USBR 70%5). specifications for dewatering foundation soils and unwatering
the excavation. When water is encountered, the inspector
Cone penetration tests (USBR 7020 or 78213and must ensure that foundation soils are not disturbed by
pressuremeter tests (ASTM D 4719) [26] may be used taemoval of the water. This may be accomplished by
evaluate the adequacy of foundation soils. Both tests may bbeginning the dewatering operations as soon as ground water
performed in cohesive or cohesionless soil deposits. is encountered or at an elevation at least 1.5 m (5 ft) above
bottom grade elevation. During dewatering operations, the
Hard, saturated fine-grained soils normally will support water level should be maintained continuously at least
moderately heavy to heavy loads. Very firm soils usually are300 mm (12 in) below base grade until 48 hours after
adequate for light loadings. When fine-grained cohesivesufficient concrete has been placed to overcome uplift
soils are not saturated, data from miossitu test methods  pressure. Dewatering may be performed by well points,
are misleading and should not be used for evaluatingdeep wells, trenches, or sumps, or by other methods which
foundation soils for hydraulic structures because propertiewill prevent upward movement of water through soils within
of the soils in a later saturated condition cannot bethe area of the structure foundation.
determined. In-place density tests provide a good index as to
the supporting capacity of saturated or unsaturatedAfter excavation has proceeded to grade, care should be
fine-grained soils. taken to ensure that foundation soils are not disturbed by
equipment working in the area. Excessive drying or wetting
Fat clays (CH), lean clays with liquid limits above may damage certain types of soils. Shales may require a
40 percent, or high plasticity clay shales should be checkedover of pneumatically applied mortar, soil, or a thin cover
to determine whether they are sufficiently expansive to causef concrete to prevent slaking; however, placement
undesirable uplift of a structure. This can be accomplishedmmediately after final cleanup is usually sufficient.
by determining the gradation, plasticity index, and shrinkage
limit of the soil. Any such soils falling into the "low When a structure is designed for placement on impervious
expansion" grouping of table 1-2 are satisfactory. soils, the inspector should ascertain that the material is
adequately impervious and that strata or lenses of permeable
soil do not exist which might cause subsequent piping.
Cutoff walls should be constructed to the depth shown on the
87205: Determining Unit Weight of Soils Iné®e by the Sand-Cone  drawings and into impermeable soils as required.
Method. Construction of cutoff walls into soil must be such that piping
7206: Determining Unit Weight of Soils In-Place by the Rubber ~5nnot occur around the walls. Normally, specifications
Banoggll\g:et%o;érmmmg the Unit Weight of Soils Inae by the Sleeve ~ '€QUIre either that concrete for transitions and cutoff walls be
Method. placed against the sides of the excavation without use of
7220: Determining Unit Weight of Soils Indtle by the Sand  intervening forms or that compacted backfill of silty or

Replacement Méod in a Test Pit. _ clayey soils be used between the concrete and natural ground
7221: Determining Unit Weight of Soils Ind®le by the Water
after the forms are removed.

Replacement Mébd in a Test Pit.

7230: Determining Unit Weight and Moisture Content of Soil In-
Place— Nuclear Moisture-Density Gauge. ' _ When the foundation area consists of more than one type of
(5525:  Determining the Minimum Index Unit Weight of  gqj| care should be taken to prevent appreciable differential
Cohesionless Soils. tl t Oft kets of soft | terial t
5530: Determining the Maximum Index Unit Weight of Cohesionless setliements. en, pockets o _SO c_)r 00se materials m_us
Soils. be removed and be replaced with suitable compacted soil to

7250: Determination of Percent Relative Density. ~provide uniform bearing over the entire foundation area.

7015: Performing Penetration Resistance Testing and Sampling oi\/hen a foundation area is partially on soil and partially on
117020: Performing Cone Penetration Testing of Séilechanical rock, S_Om_etlmes itis necessar_y to remove the soil tO rock

Method. and refill with lean concrete. Attimes, excavating additional

7221: Determining Unit Weight of Soils IndRle by the Water  rock and replacing it with compacted soil is desirable. The
Replacement Mébd in a Test Pit.

Soil.
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type of treatment depends upon the type of structure,Sometimes, static pile load tests are specified for determining
structural loadings, and strength and compressibility of thebearing capacity or tensile capacity of single piles or pile
soil. groups. When pile load tests are required and, unless
otherwise specified, they are in accordance with:
c. Pile and Drilled Shaft Foundations.—\When piles
are required to provide desired bearing capacity or to ¢ ASTM D 1143: Piles Under Static Axial

minimize settlement, specifications contain requirements as Compressive Load [27] (or USBR 7400: Testing
to the type of piles, the cross-sectional area, and, in some Foundation Members Under Static Tensile L&ad)
cases, the length of the pile. Frequently, minimum depth of ¢ ASTM D 3689: Individual Piles Under Static
penetration is specified. A pile must never have a minimum Compressive Load [28]

penetration less than that shown on the drawings. Piles are ¢ ASTM D 3966: Piles Under Lateral Loads [29]

of such length that the top of the pile will be at the specified

elevation even after any damaged or battered portion of thén special cases, other tests may be required; special

top of the pile is cut off. Piles are required to be driveninstruction will be provided for those tests.

accurately to required lines and depths with either drop

(gravity) hammerssingle acting or double acting diesel When pile load tests are performed, the inspector is

hammers-or vibratory or hydraulic drivers. To reach the responsible to verify that:

minimum penetration specified on the drawings, preboring or

jetting prior to driving may be required. A usual e Test piles are placed to specified line, grade, and

requirement is that the number of jets and the volume of length

water, with adequate pressure, be available to freely erode e Driving records are secured

material adjacent to the pile. When the minimum penetration e Test loadings are applied in proper manner, amount,

called for is reached, the jets shall be removed and the pile sequence, and period of time

finally set to grade using normal driving techniques. When e Data are obtained and recorded as required

holes are prebored, the diameter of the prebore holes shall be

slightly smaller than the diameter of the pile, and the depthStatic load capacity of individual piles also may be

of the holes shall be such that the piles will reach thedetermined using dynamic testing methods. When using

specified minimum penetration. dynamic test methods, transducers are mounted to the top of
a pile to obtain force-time or velocity-time data from

The pile driving specifications contain detailed provisions individual hammer blows. The data can be analyzed using

for: wave equation theory to determine:
e Shoes e Pile integrity
e Cutoff e Static load capacity (bearing capacity)
e Preboring or jetting e Hammer performance
e Cutting e Stresses in the pile during driving
e Splicing
¢ Pile materials Dynamic testing should be performed in accordance with
e Preservative materials ASTM D 4945: High-Strain Dynamic Testing of Piles [30].
e Preservative treatment
e Miscellaneous accessories Drilled shaft foundations (also called caisson, drilled pier,

drilled caisson, or bored pile foundations) sometimes are
The inspector is required to ensure that all piles are locatedsed in lieu of pile foundations when it is necessary to
properly and are driven to specified lines, grades, andransfer heavy foundation loads to deep, competent bearing
tolerances. The inspector must ensure that piles are natrata. Drilled shaft foundations may be of constant
damaged during driving and that required penetration isdiameter, tapered, or belled-out at the bottom. Belled-out
obtained. Damaged piles or piles not driven to correct lineshafts (piles) have been used in expansive clay as anchors to
and grade are ordered removed. When piles are in place iprevent structure uplift. Usually, shafts are drilled with
freezing weather, the top elevation should be checked beforirge auger boring equipment, belled if needed, and cleaned,;
placing of concrete. If heaving has occurred, the piles
should be redriven to grade.

12.7400: Testing Foundation Members Under Static Axial Tensile
Load.
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then, reinforcing steel and concrete are placed as specifiedVhen silty and clayey soils are placed as compacted backfill,
The inspector is responsible to ensure that: required dry density of soil is 95 percent of laboratory
maximum dry density (USBR 5500) unless otherwise
e All loose soil is removed from the bottom of the shaft specified?® Prior to compaction, these soils normally are
e Soil at the bottom is competent for design loadings required to have a uniform moisture content. When
e The bells, if required, are properly excavated in cohesionless, free-draining soils are placed as compacted
undisturbed material backfill, required dry density of soil is that equivalent to 70-
percent relative density (USBR 7250) unless otherwise
Shafts may be cased or uncasddpending on soil and specified™ Higher density requirements may be specified
ground-water conditions. If water is encountered, the holefor fine sands for large structure loadings, when structure
must be dewatered by approved methods until some specifiedibrations are severe, or when only very small settlements
time after the concrete is placed (usually 6 hours), unlesgan be tolerated. After compaction, the depth of layers,
tremie concrete is allowed in the specifications. unless otherwise specified, is 150 mm (6 in) when rollers are
used, or not more than 300 mm (12 in) when vibrators or
For more information on pile and drilled shaft foundations, surface tractors are used. A normal requirement is that these
see references [31, 32, and 33]. fine sands be thoroughly wetted during compaction.

d. Backfill—Backfill is specified in specifications To provide adequate protection for compacted backfill about
variously as: structures where backfill adjoins embankment, specifications
often provide that the contracting officer can direct the
 Backfill about structures may be specified simply as contractor to place a sufficient amount of embankment
backfill for which compaction is not required, or as material over the compacted backfill within a specified length
compacted backfill for which the compacted dry of time (often 72 hours) after compaction of backfill has been
density is specified. completed. This provision is included so the backfill will not
Backfill may be further classified on the basis of dry and shrink and cause cracking and pulling away from the
material required, for example, "cohesionless free-structure.
draining materials of high permeability, commonly
called pervious material," or "clayey and silty Sand and gravel backfill material is often specified for
materials of low permeability, commonly called placement:
impervious material.”

e Compacted backfill is normally specified if backfill e Under and about structures
under structures is required. e Under canal linings
e Compacted backfill may be specified as compacted e For filters
clayey or silty materials for which compaction is done ¢ At bridge approaches
by tamping rollers, power tampers, or other similar o At weep holes, or against retaining walls
suitable equipment. e For other purposes

Compacted backfill may be specified as compacted

cohesionless free-draining materials for which Various gradations of material may be specified for different

compaction is accomplished by thorough wetting structural purposes. Laboratory tests should be made at

accompanied by operation of surface vibrator, internalfrequent intervals to ensure that materials meet specified

vibrator, tractor, or other similar suitable equipment. gradation limits. Unless otherwise specified, maximum
particle size for backfill materials is 75 mm (3 in); and, the

Backfill, or compacted backfill is placed as shown on the amount of material finer than the 75 pm (No. 200) sieve size

drawings or where prescribed by the contracting officer. for sand-gravel backfill is limited to 5 percent or less.

Type of material used, amount, and manner of depgs

backfill are subject to approval of the contracting officer. Generally, control techniques given for compacted earth

Insofar as possible, backfill materials are normally securecembankments and compacted linings apply to backfill.

from required excavation. When suitable materials requiredControl of compacted backfill consists of:

for a specific structure are not available from required

excavation, the materials are secured from approved borrow

sources. Distribution of material must be uniform and such

that compacted backfill is free from lenses, pockets, streaks, 3 5500: Performing Laboratory Compaction of SeBs5-lbm

or other imperfections. Rammer and 18-in Drop.
147250: Determination of Percent Relative Density.
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e Inspecting materials Arthur Casagrande [34]. Over the years, studies by the U.S.
e Checking amount and uniformity of soil moisture Army Corps of Engineers [35], Reclamation [36, 37], and
¢ Maintaining thickness of layers being placed the Natural Resources Conservation Service [38] have
e Determining the percentage of laboratory maximum produced various, and sometimes conflicting, filter criteria.
dry density or relative density obtained by compacting Stability criteria are the oldest criteria and are the only
operations criteria having successfully been demonstrated in laboratory
studies; they are the only criteria that seem to be universally
Also, determination should confirm that the soils are fully accepted. Stability criteria (also referred to as thelgtabi
compacted to specified lines and grades. ratio) state that the ratio of tibg. size of the filter soil to the
Dgs of the base soil must be equal to or less than 5. The
e. Filters.—Protective filters for canals and stability ratio has been shown to be conservative but effective
miscellaneous structures consist of one or more layers oin preventing penetration of the base soil into or through the
free-draining soil placed on less pervious soil. The soil to bdfilter.
protected by the filter is commonly referred to as the base
soil or the base material. The purposes of a protective filterPermeability of filter material should be at least 25 times
are to: larger than permeability of the base material. Generally,
permeability criteria are satisfied if tig, size of the filter
material is equal to or greater than 5 timesDhgsize of the
base material.

o Safely carry off seepage from the base soll

e Prevent erosion or piping of the base soil

e Prevent damage to overlying structures from uplift
pressure In addition to stability and permeability criteria, filters should

satisfy the following requirements: ([14], ch. 5; and [35,

The base soil can be protected by filter materials that have 88]).

certain range of gradation. Gradation of the filter material

bears a definite relationship to the gradation of the base

material. Filters may consist of a single layer or several

layers, each with a different gradation. Multiple layer filters

are known as zoned filters.

1. Filter material should be clean, cohesionless sands or
gravels withC, (coefficient of uniformity) between 1.5
and 8. Filter material should pass the 37.5-mm
(1-1/2 in) sieve to minimize particle segregation and
bridging during placement. Smaller maximum particle
sizes may be specified. Filters must have less than 5
percent minus 75 pm (No. 200) sieve size material to
prevent clogging caused from excessive movement of

Material selected for the protective filter must satisfy four
main requirements:

1. Filter material should be much more pervious than
base material. This requirement prevents excess
hydraulic pressures from building up in either the filter
material or the base material.

2. Voiding the compacted filter material must be small
enough to prevent base material from penetrating the
filter. Penetration of the filter can cause the filter to clog
with base material or piping of the base soil through the
filter. Either condition can result in failure of the filter
system.

3. The filter must be thickm®ugh to provide good
distribution of particle sizes throughout the filter to
provide adequate hydraulic capacity for the volume of
water flowing out of the base soil.

4. Filter material must be prevented from moving into
drainage pipes by providing sufficiently small slot
openings or perforations, or by additional coarser filter
zones if necessary.

fines in the filter and drainage pipes and to maximize
permeability of the filter.

2. Filter material adjacent to drainage pipes should have
sufficient coarse sizes to prevent movement of filter
material into the drainage pipes. The maximum size of
perforations or joint openings of drainage pipe is
selected as one-half of thg,, grain size of the filter
material.

The specifications will normally describe the following
requirements for filter construction:

1. Before filter placement, the base soil should be firm
and, if necessary, be lightly tamped or rolled.

2. Clean filter material should be protected from
contamination during and after placement; the placement
method should minimize segregation in the filter.

3. Filters are compacted to 70-percent relative density
unless otherwise specified, in a manner similar to free-

Filter design based on gradation criteria is generally credited  draining sand-gravel backfill to prevent settlement.

to G.E. Bertram, with the assistance of Karl Terzaghi and
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4. Filter layers are often specified at a 150-mm (6-in) Recently, geosynthetic materials (geotextiles, geonets, and
minimum thickness. However, for extreme conditions geocomposites) have gained wide acceptance for use as filters
such as high heads, variations in base material, or filterand drains in civil engineering works. These specialized
gradations that are near the extreme coarse limit, anaterials have been used successfully in:

minimum thickness of 200 mm (8 in) may be specified.

For zoned or graded filters these minimum thicknesses e Landfill liner systems

may be specified and are maintained for each layer. e Highway edge drains
5. Where drainage pipe is used in a filter system, ¢ Retaining walls and basement walls drains
hydraulic capacity of the pipe should be sufficient to e Highway subgrade drains

collect the expected volume of seepage water and to e Strip or wick drains
convey it to a place for discharge.
6. While drainage pipe is being laid, the openings areDesign methods for these materials, while similar to the
often protected from inflow of fines from the filter design of soil filters, require specialized testing to determine
material. required properties of the geosynthetics. Design methods
and applications for these special materials is discussed in
Figure 3-41 shows an example using filter criteria. Forreference [40].
additional information on filter design, see references [38,
39]. Often ASTM C-33 concrete sand can serve as a
protective filter material for many materials.

H. Stabilized Soils

3-39. General .—Soil stabilization is the chemical or 3-40. Compacted Soil-Cement .—
mechanical treatment of soil to improve its engineering
properties. Chemically stabilized soils consist of soil and a  a. Design Considerations.—Compacted soil-cement
small amount of additive such as cement, fly-ash, or lime.has been used as upstream slope protection for embankment
The additive is mixed with the soil, and the mixture is useddams and as blankets, linings, or other applications. Soil-
in compacted fills, linings, or blankets. Quality and cement used as upstream slope protection is placed in
uniformity of the admixture and the uniformity of moisture successive horizontal layers ranging from 150 to 300 mm (6
are closely controlled to produce a high quality end product.to 12 in) in compacted thickness to protect the slope from
Therefore, processing equipment and procedures arevave action. The layers are placed successively up the
specified to ensure that the relatively small amount ofslope, and the outer edges form a stairstep pattern. When
additive is uniformly distributed throughout the soil mixture soil-cement is placed as a blanket or lining it is usually
before placement and compaction. Uniformity of soil in the placed in layers up to 600 mm (2 ft) thick with the layers
mixture is a major factor in controlling desired uniformity of parallel to the slope. Although roads are a minor part of
the final product; and soil gradation, plasticity, and moistureReclamation work, compacted soil-cement has been used
content should be controlled prior to mixing with the extensively for construction of road bases by others.
additive—or prior to adding the stabilizer for in-place mixing. Figures 3-42 and 3-43 show soil-cement facings constructed
on the upstream slope of two Reclamation structures.
A mixing plant must be calibrated over the range of soil
gradation stated in the specifications. Adjustments to theTo satisfy design requirements for slope protection, a layer
mixing plant should then be made during construction tomust be:
accommodate variation in soil gradation or for other variable
conditions. These adjustments are based on mixing plant 1. Formed into a homogeneous, dense, permanently
calibrations obtained before and during construction. cemented mass that fulfills the requirements for
compressive strength
Sometimes, soils are stabilized to deeper depths by grouting 2. In intimate contact with earth slopes, abutments, or
or by injection methods to solve particular foundation concrete structures
problems (see sec. 3-19). These methods for stabilization
require specialized knowledge and understanding of the
materials being used, and quality control procedures are
specifically developed for the particular situation.
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Figure 3-41.—Filter gradations.

3. Durable and resistant to "wetting and drying" and the slope of a dam. Each slab is offset from the previous one

"freezing and thawing" action of water by a distance equal to the layer thickness multiplied by the
4. Stable with respect to the structure and of sufficientslope of the dam. If the layers were well bonded, the entire
thickness (mass) to resist displacement and uplift facing would act as a massive unit instead of as individual

layers, and damage by wave action would be greatly
Performance of soil-cement facings on Reclamation dams hasiinimized.
generally been excellent. However, inspections of these
facings have revealed that the bond between lifts is a wealseveral studies have been performed to identify methods for
point in the facing. Test results on cores taken from thesenhancing bond between layers. Currently, the most
faces show that the bond is much weaker than the remaindgromising method investigated is to apply a water-cement
of the soil-cement [41, 42]. Since the layers are not wellslurry to a layer just before placing the overlying layer. This
bonded, they perform as a series of nearly horizontal slabs otechnique was used at Davis Creek Dam in Nebraska to
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Figure 3-42.—Soil-cement facing at Lubbock Regulating Reservoir in Texas.

improve bonding between layers and to improve overall Trucks for transporting the soil-cement mixture should have
durability of the facing for an elevation of about 6 m (20 ft) tight, clean, smooth beds and protective covers. The soil-
at normal reservoir operating level. cement spreader used for laying the soil-cement must

produce a smooth uniform loose layer of required width and

b.  Construction Provisions.—The specifications thickness. Usually, layers are placed horizontally; however,

describe the type and amount of cement, the quality ané slope toward the outer edge as steep as 8h:1v is sometimes
amount of water, and the borrow area for soil or aggregatepermitted to increase working width. The maximum time for
The permissible range of soil and aggregate gradation also isauling and spreading the soil-cement after mixing is usually
specified. If investigations show the deposit is variable, specified as 30 minutes. The tractor and spreader box used
selective excavation and processing may be required tdor placing soil-cement on Merritt Dam and Reservoir in
produce uniformity. Oversize particles and other Nebraska is shown on figure 3-45.
objectionable materials must be removed.

Generally, compaction must be completed within 60 minutes
A stationary mixing plant is usually required. Either a batchafter spreading with no more than 30 minutes between
type or a continuous-fegaugmill type plant is acceptable. operations. Compaction is accomplished by several passes
Control over mixing time; positive interlocking of cement of a sheepsfoot tamping roller, followed by several passes of
and soil flow; and controls for accurately proportioning soil, a pneumatic-tire roller, as shown on figure 3-46. The
cement, and waterall from appropriate storageshould be ~ minimum number of passes by each roller should be
incorporated into the plant design. A mixing plant used atdetermined by constructing a test section. The rollers should
Lubbock Regulating Reservoir in west Texas is shown onhave provisions for ballast loading so the masses can be
figure 3-44. adjusted to provide optimum compaction. Vibratory, smooth
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Figure 3-43.—Soil-cement facing at Merritt Dam in Nebraska.

steel drum rollers have been used to compact coarse grainegtablish placing conditions and to develop procedures for

soil-cement. A combination of vibratory and static mode use in the remaining construction. Control should begin

may be used. The roller mass and the frequency anduring excavation and stockpiling of the soil to ensure that

amplitude of vibration should be set for optimum compactionthe material is within gradation requirements and has a

without damage to the soil-cement and to minimize localizeduniform moisture content. Gradation and moisture content

shear failure in the upper part of a layer. A test sectionare controlled by:

should always be constructed to determine: optimum

equipment usage, roller mass, and number of passes ¢ Directing the excavation

vibratory characteristics if a vibratory roller is used. Rollers ¢ Mixing the stockpile by spreading and cross-dozing

may be towed or self-propelled. After compaction, the e Sloping the stockpile surfaces to provide runoff

compacted layer is cured by keeping the exposed surfaces without water catchments

continually moist using a fog spray until the overlying or e Sampling and testing during stockpiling

adjacent layer is placed, or for a minimum of 7 days. A

blanket of moist earth may be used for permanently exposedfter the mixing plant is set up, the cement, soil, and water

surfaces. The surface of a completed layer may requirdeeds must be calibrated individually to establish curves (or

brushing to remove soil or other debris just before placing artables) of equipment settings versus quantity produced. The

overlying layer, as shown on figure 3-47. plant must be calibrated over the full range of anticipated

production rates. A cement vane feeder and soil feed belt to

c. Control Techniques.—Compacted soil-cement is a pugmill are shown on figure 3-48. Calibration is

similar to compacted earthwork in that careful observationsaccomplished by timing and weighing quantities of moist

and additional control tests are required during the earlysoil, cement, and water to check feed and meter settings. To

stages to check planned control against results obtained undécilitate computation of dry soil production, moisture

field conditions. These observations and tests are used toontent of the wet soil should be determined at the plant by
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Figure 3-44.—Soil stockpile and pugmill for mixing soil-cement at Lubbock Regulating Reservoir in Texas.

a quick method, such as the calcium carbide reaction device e Inspecting the mixture for:
(USBR 5310), a microwave oven (USBR 5315), or the

Moisture Teller device (USBR 5305).The cement feed is - Uniformity in texture
perhaps the most crucial calibration because of variation in - Moisture
the amount of cement can critically affect the properties of - Distribution of cement

soil-cement. The cement feed is calibrated over the range of

required cement content by varying the feeder speed. Th&he soil and soil-cement mixture is sampled to determine:

cement feed is usually quite consistent because cement is a

fairly uniform product and is fed under reasonably uniform e Cement content

conditions in a well-designed plant. Cement feed calibration e Moisture content by both quick and ovendry methods
allows accurate adjustment if soil feed rates change during e Occurrence of "clay balls" (rounded balls of clayey
progress of the job. Plant performance and production is fines and sand which do not break down during
checked under full load by: ordinary processing)

e Timing and weighing truckloads of the soil-cement During construction, the inspector should check plant

mixture operation periodically. Inspection frequency will depend on

e Checking mixing time performance of the plant and uniformity of soil gradation and
moisture content. The soil feed rate should be checked at the

beginning of each shift by timing and weighing a truckload

1 of moist soil. By using a quick method to determine

5310: Determining Moisture Content of Soils Using the Calcium moisture content. the feed rate of dry soil can be computed
Carbide Reaction Device. and the proper c’ement and water feed rates can be set ,’At
5315: Determining Moisture Content of Soils by the Microwave _p P . . "
Oven Method. regular intervals, the moisture content of the soil and soil-

5305: Determining Moisture Content of Soils Using the Moisture cement mixture should be determined by a quick method to
Teller Device.
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Figure 3-45.—Soil-cement placement at Merritt Dam in Nebraska.

provide a basis for making adjustments in the water feed ito normal earthwork where successive layers are compacted
necessary. Also, the inspector does a check calibration eadbgether with a sheepsfoot roller. With the time limits used
time a record control test is performed by timing the in soil-cement construction, it is usually not feasible to place
production and weighing a truckload of soil-cement. Basedsuccessive layers quickly enough to compact them together;
on water content and cement feed rate, the soil feed rate cdrence, each lift must be compacted individually.
be determined. The soil and soil-cement are sampled for
moisture tests at the plant and for record tests in theThe pneumatic-tire roller also starts compaction at the outer
laboratory. edge of the lift to minimize the amount of lateral spreading
of the soil-cement. Smooth, even surfaces after compaction
The placement inspector should observe placing andare desired. Rutting usually indicates a high placement water
compaction procedures and should verify that loose liftcontent. Thickness and width of the completed compacted
thickness, texture, and surface are uniform and that the liftift should be checked. The placement inspector should be
is to specified dimensions. sure that the surface of the compacted layer is kept
continuously moist until the overlying layer is placed, or for
Compaction begins with the roller starting at the outer edgea minimum of 7 days. If required, the surface should be
The number of passes and adequacy of overlap should boroughly cleaned by brooming (brushing) just before
checked. When using a sheepsfoot roller, each pass over tipdacing an overlying layer (fig. 3-47).
entire width of the lift should be completed before the next
pass begins, as the tamping feet tend to follow previousAccess ramps for trucks hauling soil-cement are built of soil
tracks if successive passes are made without overlapon the soil-cement facing; these should also be checked to
Because of the sandy material, the sheepsfoot roller usuallyerify that they satisfy specified thickness requirements
does not "walk out" completely but should begin to "walk [usually 600 mm (2 ft)]. Ramps are constructed to
out" on the last passes. Each layer is completed byadequately protect the edge of the top layers on which soil-
compaction with a pneumatic-tire roller. This is in contrast cement is being placed. Inadequate ramps will result in
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Figure 3-46.—Compaction of soil-cement at Lubbock Regulating Reservoir in Texas.

damage to the outside edges of soil-cement layers andetermined by a quick method at the time of sampling, and
decrease durability of the finished product. the remainder of the samples are used for laboratory tests.

d. Control Testing.—During construction, control For the soil the percentage of fines is determined, and the
testing is required for every 50C 100 yd) of soil-cement  moisture content is obtained by the standard ovendrying
placed, or a minimum of one test per shift. The control testmethod. The cement content of the soil can be determined
consists of timing a sample through the process to ensure thay chemical titration. If the untreated soil contains a
specified time constraints are met. Times recorded aresignificant amount of calcium, a chemical analysis of the soil
(1) when the truck leaves the plant, (2) when the load iss performed. The presence of calcium should have been
spread, (3) when compaction is completed, and (4) when thdetermined when the soil was being stockpiled. A complete
control test is taken in the compacted material. Proceduregradation and specific gravity should be determined on
for performing construction control of soil-cement are specimens from every fourth control test.

outlined in USBR 5830.
For the soil-cement the percentage of "clay balls" is

Control testing begins by timing the production of a truckload determined, and the percentage of cement is determined by
of soil-cement and obtaining a representative sample of soieither the heat of neutralization method or the chemical
from the soil feed. The mass of the timed truckload istitration method. A three-point compaction testis performed
determined, and a representative sample of soil-cement igsing the rapid method of construction control. The
obtained for laboratory testing. When the load is spread, theompaction test should be performed at the same time that
approximate center of the load is marked by the placemenmaterial (from the sampled truck load) is being compacted.

inspector. Moisture contents of the soil and soil-cement areThis is necessary to allow for time effects on compaction
properties of soil-cement caused by hydration of cement.
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Figure 3-47.—Power brooming of surface prior to placement of next lift at Lubbock Regulating Reservoir in Texas.

The remainder of the soil-cement sample is used to preparexercised to obtain a continuous core; comments on bond
three or four compression test specimens to be tested at agssength should be included with other information
7, 28, and 90 days. One 7-day and two 28-day specimenagccompanying the cores. The core holes should be carefully
should be formed for each control test with an additionalbackfilled with cement grout and a reinforcing bar placed
specimen for a 90-day test for every fourth control test.flush with the surface and located for future reference.
Specimens tested at 90-days are for design verification onlyRecord cross sections of the compacted soil-cement are
and not for construction control. Specimens are placed at thebtained at locations where 28-day core samples are taken.
density determined from the field density test of the The compressive strength of a section of core from each of
compacted soil-cement layer. These specimens should bihe holes should be determined in the field laboratory; this
formed as soon as possible after the field density has beestrength is compared to those of the record construction
determined.  Procedures for preparing specimens forcontrol cylinders representative of the immediate vicinity.
compressive strength testing are discussed in USBR 5806 anthe remainder of the cores should be sent to the laboratory
testing of soil-cement cylinders is described in USBR 5810.for durability, direct shear, and compression tests. A

summary of compressive strength and age of record core,
A field density test is performed at the point marked by theand compressive strength of specimens of material in the
placement inspector when the timed load was spread. Thisnmediate vicinity, should accompany the cores. Procedures
test should be performed as soon as compaction is completéor performing record coring and cross sectioning of
Care should be taken so the test is not performed whereompacted soil-cement are detailed in USBR 5835.
roller overlap has occurred. When the test hole is complete,
but before determining the volume, the depth of the lift is 3-41. Compacted Soil-Lime .—
measured and recorded.

a. General.—Use of lime as a soil additive is the oldest

Control testing includes obtaining record cores from theknown method of chemical stabilization; it was used by the
compacted soil-cement at least 28, 90, and 360 days afte(Romans to construct the Appian Way. Soil-lime is a mixture
completion. One hole should be drilled for each 5,000 m of soil (usually clay), lime, and water which is compacted to
(5,000 yd) placed. Locations of core holes should be spacedorm a dense mass. Experience has shown that mixtures of
to be representative of the area covered, with some coresost clay soils, either quick or hydrated lime, and water will
near abutments or structures. In drilling, care should be
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Figure 3-48.—Cement vane feeder and soil feed belt to pugmill at Cheney Dam in Kansas.

form cementitious products in a fairly short period of time. (23 mi) are earth lined, and the remaining 50 km (31 mi) are
Reclamation applications for water resources work have beenoncrete lined. After 3 years of operation, portions of the
limited to use of lime to stabilize expansive clay soils andcanal traversing expansive clay soils began cracking,
dispersive clay soils. sloughing, and sliding with failures occurring in both the
concrete-lined and earth-lined sections. Because these
b. Adding Lime to Highly Plastic Clay Soils.—Adding conditions caused continuing, expensive maintenance
lime to highly plastic clay soils produces several effects onproblems, in 1970, rehabilitation began for the worst failed
physical properties: areas. Lime stabilization was selected as the most effective
method of treatment [43].
1. The liquid limit decreases, and the plastic limit
increases, radically decreasing the plasticity indexRiprap that had been dumped into slide areas was removed.
(sometimes, by a factor of 4 or more) Then, all material to be stabilized with lime and recompacted
2. The finer clay-size particles agglomerate to form was removed by a benching operation. A series of long
larger particles, which makes the soil more friable andsloping benches or ramps were cut from the top of the bank
easier to work. By absorbing water, lime also assists indown to the canal bottom, with the cut extending far enough
breaking up clay clods during mixing. into the slope to remove the entire depth of required
3. Lime dries the soil by absorbing water to hydrate theexcavation material. Two-percent quicklime was spread over
lime and makes wet soils easier to handle and compactthe bench surface, and 0.3 m (1 ft) of material from the
4. Unconfined compressive strength increases manyench was mixed with the quicklime, and the lime-clay
fold. mixture was pushed into the canal bottom. The material was
spread on the canal bottom and an additional 2 percent lime
Reclamation's Friant-Kern Canal, California, was was added. Water was added to at least 2 percentage points
constructed during 1945-51; about 87 km (54 mi) of the canabkbove optimum moisture, and about 0.3 m depth of material
traverse an area of expansive clay. Of these 87 km, 37 krwas mixed with dozers and graders. After about 2 m (6.6 ft)
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of material had been mixed and cured for 24 hours, dozer®am, Oklahoma; it was determined to be practical to
began spreading the material on the slopes, which were thestabilize these soils with lime during dam construction. Since
compacted with a sheepsfoot roller moving up and down thedispersive clay soils were not concentrated in specific areas,
slope. The side slopes were constructed in three compactduine treatment was considered more economical than
lifts for a 1.1 m (3.6 ft) compacted depth normal to the attempting to identify the randomly occurring dispersive
slope. clays and selectively wasting them. Treating these clay soils
with lime rendered them nondispersive and allowed their use
In subsequent rehabilitation work, the lime-treated soil wasin constructing the embankment-foundation contacts as
placed and compacted in successive horizontal layers steppemtosion resistant material on the downstream slope of the
up the slope in the same manner in which soil-cement imbankments, and for placement as specially compacted
placed on the face of an earth embankment. This placemetuackfill in areas of high piping potential such as along
method was found much more desirable than placing materiatonduits through the embankment. Material was used
parallel to the slope. Placing and compaction were muctdirectly from the borrow areas to construct the remainder of
more efficient, and the finished product was of higher the dam and dike embankments. Specially designed filters
quality. were used to guard against any possible erosion of dispersive
clay soils in untreated areas. Another benefit of using lime-
The amount of lime used was controlled by periodically treated soil was the improved workability of some of the
placing a canvas on the ground where lime was to be spreadhighly plastic clay soil encountered.
and after spreading, mass of lime was determined for a given
area. d. Construction Procedures for Lime.—Treated
Dispersive Clay Soils=The following general procedures
Four-percent lime by dry mass of soil was used duringhave proved satisfactory for handling, mixing, and placing
rehabilitation of Friant-Kern Canal; compressive strengthlime-treated soil.

increased to 20 times that of untreated soil. The
rehabilitation has proved durable after about 20 years ofSoil to be lime treated is pulverized in a high speed rotary
additional service. mixer or with a disk harrow prior to applying lime, and the

moisture content is brought to within 2 percent of optimum.
c. Adding Lime to Dispersive Clay Soils.—Dispersive Lime is uniformly spread on the pulverized soil to the
clay soils are those that erode in slow-moving or even quiespecified percent lime by dry mass of soil. Lime is mixed
water by individual colloidal clay particles going into with the soil using a rotary mixer, and additional water is
suspension and then being carried away by the flowingadded as necessary to again bring the mixture to within
water. A concentrated leakage channel (crack) must b@ percent of optimum (or other specified value). When
present for erosion to initiate in dispersive clay. This mixing is completed, the soil-lime mixture is cured for at
mechanism is totally different than that for piping where least 96 hours before placing and compacting. Exposed
erosion begins at the discharge end of a leak and progressearfaces of the mixture are either lightly rolled to prevent
upstream through the structure until it reaches the watemoisture loss or the mixed material is stockpiled and the
source. surface sealed.

The design lime content for controlling dispersive clay soils Each section of the foundation is carefully prepared
is generally defined as the minimum lime content required tocoincident with final mixing and pulverization of the lime-
make the soil nondispersive. In addition, it may be desirabldreated material. The soil-lime is mixed until 100 percent
to increase the shrinkage limit to near optimum water contenpasses the 25 mm sieve and 60 percent passes the 4.75-mm
to prevent cracking from drying when using lime-treated soil sieve (1 in and No. 4). Immediately after final mixing, the
in surface layers. In all known cases investigated to datelime-treated earthfill is placed and compacted in horizontal
dispersive clay soils were made nondispersive by addition ofifts of no more than 150 mm (6 in) after compaction. The
1 to 4 percent lime by dry mass of soil. However, in material is compacted to no less than 95-percent laboratory
construction specifications, the design lime content is oftenrmaximum dry density, using a tamping roller followed by a
increased 0.5 to 1.0 percent to account for losses, unevepneumatic-tire roller. The top of each compacted lift is
distribution, incomplete mixing, etc. scarified or disked before the next lift is placed [44].

Dispersive clay soils were identified throughout the borrow The following items should be monitored to ensure high
and foundation areas during investigations for McGee Creelquality earthwork construction control:
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Soil pulverization (gradation) lime-treated earthfill is compacted with a pneumatic-tire

Lime content roller to seal the surface, and it is sprinkled with water for

Soil dispersivity (before and after lime treatment) 7 days or until embankment material is placed.

Compacted density

Moisture content of both soil and soil-lime mixture Construction control testing is the same as that for other
earthwork.

If embankment materials are placed on the compacted lime-

treated earthfill within 36 hours, special curing provisions

are not required. Otherwise, the exposed surface of the

ahrwbnpE
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Backfill about structures, 297
A required density of, 297
Backfill grouting, 171

"A" line, 12 Backfill in pipe trenches, 285, 288
Absorbed moistureqw,, 16 materials for, 288
Access roads, 293de alsdHighways and railroads) Backhoe, 104, 105, 235, 263
Additives, 46, 101-103, 221, 232, 274 Ballasting, 222
Aerial photographs, 64, 66, 77, 81, 185 Bearing capacity, 6, 19, 35, 38, 63, 94, 167, 168, 173,
coverage of, United States, 64 225, 226, 233, 296
mosaics, 203 foundations, evaluation of, 226
orthophotographs, 66 piles, 296
remote sensing, 66, 73, 74, &@¢ alsiRemote Becker penetration test, 132, 170, 171, 189
sensing) Bearing strengthsgeFoundations (investigations))
U.S. Department of Agriculture, 64 Bedrock, 63-65, 69, 70, 80, 98, 103, 110, 112, 116, 125,
U.S. Geological Survey, 64, 66 129, 132, 136, 161, 165, 170, 187, 194, 196, 201, 203,
use of, 68, 76, 185, 186, 188 226, 230, 231, 242, 243, 245
Air content, 30 contours, 65, 203
Airport construction, 220 Benchmarks, 68, 186, 187, 254
Alluvial deposits, 35, 77, 78, 80 Berm, 274, 293
alluvial fan, 78 Blanket, 46, 51, 95, 96, 101
floodplain, 77 cut slopes, for, 227
stream channel, 77 description, 218, 222
terrace, 77 drainage, 97, 230, 245, 260
Appurtenant structures, 86 materials, earth, for canals, 9eé alsdmpervious
Artesian pressure, 190, 227 soil (materials))
Asphalt, 98, 102, 144, 274 materials, earth, for dams, 96
Atterberg limits, 3, 7, 10-12, 47, 54, 57, 70, 81, 188( protective, 278, 281
alsoSoil consistency, tests) riprap, for canals, 101
Auger borings, exploratory, 108, 110, 112, 14é¢ also riprap, for stilling basins, 100
Test holes) riprap, under, 97
continuous-flight augers, 110 rockfill, 97, 98, 101, 223
double-tube augers, 112 sand and gravel, 223
enclosed augers, 116 stabilized soils, 299, 302
helical, disk, and bucket augers, 112, 116 topsoil or zones, 224
hollow-stem augers, 110, 112 Blasted rock, 223
advantages of, 112 Blasting, 98, 125, 205, 239, 240, 263, 292
sizes of, 112 vibratory densification, used for, 240
Augers for sampling Blended earthfill, 218, 220, 224
hand, 143 control of, 221
hollow-stem, 151, 153 Boils, 245
power auger drills, 143 Borderline classifications, 81, 284

Borehole shear device test, 28
Borrow areas, 47, 96, 102, 105, 143, 164, 189, 194, 204,
B 219, 226, 250, 253, 267, 283, 301
alluvial deposits, 77, 78, 80
construction history reports, described in, 268

Backfill, 5, 51, 225, 226, 235, 280 haul distance from, 95
percussion casing hammer drills, used with, 132 investigation of, 96, 110, 201, 267
piezometer installation, used for, 135 lacustrine deposits, 80
slurry walls, used for, 235 moisture control costs, 54

types of, 225
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restoring, 224

slope wash or colluvial deposits, 80

stream deposits, 77

subsurface exploration for, 85, 86, 92, 164

kinds of materials available, 92

Borrow materials, 96, 167, 204, 261, 277, 294
Borrow pit, 53, 183, 217, 219, 221, 250, 254, 260, 261,

292

cut, depth of, 204, 250

evaluation of, 53, 54

excavation, 226, 254, 277, 293

operations, to obtain proper water content, 250, 254
Borrow-pit inspector, 254
Boulders, 3-5, 10, 24, 80, 81, 96, 103, 104, 108, 116,

125, 132, 165, 170, 194, 196, 223, 226, 240, 276, 292

size of, 5, 10
Bridge piers, 86, 101
Bridges, 232, 294
Brooming, 304
Bucket augers, 112, 143
Bulldozer pits, 1049ee alsoTlest pits)
Bureau of Reclamation, 1, 58-60, 94, 97, 156, 205, 206,

211, 242, 250, 289, 298, 310
Buried membranes, 275

C

Caissons, 112, 217, 230, 232

Calcium carbide reaction device, 303

Calyx drill, 136, 140

Canal banks, 46, 224, 233, 276

Canal construction, 95, 101, 226, 273, 275
control techniques, 281-284
dumped fill, 218
selected impervious fill, 218

Canal embankments, 273, 276-278, 280
compacted, 273

moisture requirements for, 280, 283, 284, 286

earth, construction control, 281-284
foundation treatment for, 276

Canals, 54, 64, 85, 86, 230, 232
blanket materials, subsurface exploration for, 92
blankets, imperviousséelmpervious blankets)
blankets to prevent erosion, 224, 2884 alsdSand

and gravel (mixtures) (soils))
borrow areas, 273, 288de alsdBorrow areas)
subsurface explorations for, 283

construction control techniques, 281-284
design features, 273-278
embankmentssgeCanal embankments)
filter (layer), 275, 281, 28%¢e alsd-ilters)
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gravel fill, 278, 281
gravel subbase, 281
materials and placing requirements for various fills,
280
monthly construction progress report (L-29), 282
operation and maintenance roads for, 274, 281
pervious foundation, lining for, 232
riprap for, 101, 278, 281
rock foundation, inspection of, 276, 281
seepage losses, 164, 273, 274, 282
specifications, provisions for, 275, 276, 278, 280, 281
structure backfill, 280
subsurface exploration fos€eSubsurface
exploration, line structures)
Canals, lined
buried asphalt membrane, 274
buried bentonite membrane, 274
concrete, 230, 274
description of, 274
earth 6eeEarth-lined canals)
flexible, 230
Canals, unlined, 273, 307, 308
excavated in rock, 281
Capillary stresses, 33, 54
Casagrande, Arthur, 58
Cement, 101, 221, 291, 301, 302, 305, 306
grout, 103, 243
hydration of, 305
Chalk, 262
Chemical titration, 305
Chutes, 227, 230
Clamshell, 104
Classification group, 3, 5&¢e alsdSoil group)
Classification system, 1- 4, 7, 47, 49, 58, 69, 70, 81, 85,
95, 191, 203
Clay (clay soil), 3-7, 16, 51, 52, 54, 173, 178, 230, 232,
241, 245, 261, 288, 295, 306
characteristics of, 3, 4, 30
consistency determined by field vane tests, 174, 178
contraction of, 4
dispersive, 54, 57, 308, 309
expanding, 5
expansive, 4, 41-46, 102, 282, 294-296, 307
modifying, 41
failures, 4
fat, CH, 295
kaolin group, 5
lean, CL, 35
lime, addition of, 307-309
methods for reducing movement of structures due to,
230
moisture and density effect on, 10, 33
montmorillonite group, 5, 41
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plasticity of, 10, 12
sensitive, 53
Clay balls, 96, 102, 303, 305
definition of, 102
Clay shales, 41, 295
Coarse grains, 4
Coarse-grained soils, 3, 10, 28, 169, 170
Cobbles, 3-5, 10, 24, 77, 80, 81, 96, 103, 108, 125, 132,
138, 142, 143, 167, 170, 194, 196, 218, 223, 250, 261
276, 283, 292
size of, 4
Coefficient of curvatureC,_, 8
Coefficient of permeability, 27, 42, 46, 47
Coefficient of uniformity,C,, 8, 298
Cofferdams, 64, 235
Cohesion, c, 4, 27, 28, 30
Cohesive strength, 81
Colloids, 41, 69
Compacted backfill in pipe trenches, 285-289
Compacted backfill of clayey and silty soils, 225, 294, 295
Compacted backfill of cohesionless free-draining soils,
225, 288
construction methods, 225, 288
materials, selection of, 225, 288
Compacted earthfill for rolled earth dams, 247-263
control techniques for, 247, 251-258
design considerations, 247, 250
impervious earthfill zones, design criteria for, 247,
250
number of passes, 219
placement water content, specifications provisions for
control of, 254
specifications provisions for earth dams, 250, 251
suitable excavated materials from foundation, use of,
250
Compacted embankments, 5, 273, 274, 276, 282, 283
Compacted layer, 5, 247, 256, 261, 278, 283, 302, 304
Compacted pervious fill for rolled earth dams
control criteria for construction of, 258
design considerations, 258
Compacted soil-cement, 299, 3G&¢ alsdSoil-cement
and Stabilized soils)
clay balls, 305
compaction requirements, 302
construction provisions, 301, 302
control techniques, 302, 305
control tests (testing), 302, 305, 306
curing, 302
description of, 299
design considerations, 299, 301
materials for, 301
record cores, 306
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sampling, 305-307
uses for, 299
Compacted soil-lime, 306-309
Compaction curves, 19, 33, 144, 253, 261
Compaction equipment, 220, 261, 262
Compaction grouting, 240, 241
Compaction of soil, 3, 20, 23, 27, 30, 33, 46, 52, 218-220
curves, 19, 23, 33, 253, 257, 261
,  definition of, 33
degree, 70
degree required, 219, 257, 289, 292, 293
deviation from, 16
effort, 16, 18
field and laboratory, 257
lifts, thickness of, 219, 262
half-lift, 221
loose, 283
number of passes, 220, 251, 257, 262, 301, 302, 304
tests, 16, 19, 198, 219, 250, 305
Compactive effort, 13, 16, 18, 19, 20, 52, 219, 220, 261,
264, 269, 283, 288
Bureau of Reclamation standard, 16, 18, 19
Compressibility of soil, 1, 4, 10, 12, 13, 33-35, 51, 52,
64, 168, 171, 173, 176de alsdSoil, compressibility)
fine sand, 41
Compression, 7, 19, 24, 33
control of, 33, 34
definition of, 30
pressure-compression characteristics, 35-42
pressure-expansion characteristics, 35, 41, 43-45, 47
Compression specimens for soil-cement, 306
Computers
accuracy of, 216
computerized logs, 189, 190
data bases, 66, 67
remote sensing, used in, 75
software, 66, 267, 270, 283
Concrete, 95, 140, 235, 274, 281, 294, 295
Concrete aggregate, 77, 92, 96, 103, 204, 267
procedures for investigation of, 96
sources of, 77, 81, 92, 95, 96, 103, 110, 116
Concrete dams, 142, 157, 182, 262
Concrete Manual27, 58, 96, 202, 204, 205
Conduits, 308
Cone penetration test, 28, 86, 94, 105, 116, 146, 171,
173, 174, 176, 206, 227, 294, 295
Consistency of fine-grained foundation soils, 295
Consolidation, 6, 33, 35, 41, 53, 59, 76, 77, 94, 132, 144,
146, 176, 217, 220, 221, 226, 227, 233, 235, 236, 245,
250, 259, 269, 294
definition of, 33
Consolidation tests, 227
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Construction control, 7, 8, 15, 16, 19, 20, 27, 167, 198,

211-218, 220, 221, 306
changed condition, 211
compacted fill unit weight, 20
frequency distribution, 269
importance of, 211
letter instructions for, 220
organization, functions of, 211
pipelines, for, 288, 289
principles of, 211-216
relation to design requirements, 211
when specified, 219
Construction engineer, 212
Construction materials, locating sources of, 68, 69, 77,
95, 104, 141, 161
Construction stage, 85, 92, 96
Contract administration, 211
Contracting officer, 211, 250, 280, 297
Control testing geeTesting, construction control)
Core barrel, 116, 135, 138, 140
bits, 159
double-tube, 157, 158
large diameter, 157, 158
single-tube, 157
Core barrel samplers, 125, 153, 156
Core box, 158, 161

Core recovery, 127, 129, 135, 136, 138, 159, 190, 191,

205, 235
Coulomb, 27, 30, 59
Cross sections, 65, 85, 188, 306
Crushed zones, 103
Cumulative grain-size curve, 8, Sef alsdGradation)
Cut slopes, 227, 229, 230

erosion protection, 229

evaluation of during construction, 227

ground-water effect on, 227

loessial soils, 229

sloughing, prevention of, 227
Cutoff trenches, earth, 218, 242, 243, 246, 247

sloped cutoffs, 243

sloping-side trenches, 242

vertical-side trenches, 243
Cutoff walls, 60, 95, 235, 242, 243, 258, 295, 310
Cuts, 64, 74

D

Damsites
subsurface exploration for, 86, 92
surface exploration for, 74, 86, 108
Darcy's law, 42

316

Deep soil mixing, 241, 242
Degree of compaction, 70, 219, 220, 257, 258, 281, 293
Degree of saturatior§ 8, 14
Deltas, 233
Denison sampler, 153¢e alsdSampling of soil)
Density

compacted fill, 269, 270, 273

definition of, 7

dry, v4 16, 17, 20, 27, 167

dry, Y4mae iN densest state, 49

fill, 270, 283

in place, 164, 168, 263-267, 295

minimum acceptable for canals, 284

natural or in place, 63, 85, 94, 164, 168

procedure for, 49

reduction from frost action, 233

relative, D, (seeRelative density)

test (field) (natural) (in place), 164, 168¢ also

Field density test)

wet, Yyer 20, 23

Desiccation, 35, 53

Design Considerations, 235, 236, 240-242, 247, 250, 251,

258, 299
Diamond Core Drill Manufacturers Association
(DCDMA), 117
large-diameter high-recovery core barrels, 156
rock core barrels, standardized dimensions for, 157
Diamond drilling, 140, 205
Diatomaceous silts, 53¢e alsdSilt)
Dilatancy, definition of, 4
Direct shear, 28, 30, 181, 182, 275, 306
large-scale in-place direct shear tests, 182
portable direct shear rock testing device, 181, 182
sliding resistance, relationship to, 30
test, 28
Double-tube sampler, 125
Dragline, 104, 105
Drainage wells, 247
Drains, 37, 46, 96, 97, 134, 235, 236, 247, 292
filter materials, subsurface exploration for, 92
Drifts, 105 6ee alsdrunnels)
Drill bits, 112, 117, 118, 125, 127, 134-141
Drill holes (seeTest hole¥
Drill rig, 112, 116, 123, 125, 146, 147, 174
accessories for, 123
Drill rod, 119, 123, 125, 127-129, 134, 135, 138, 140,
141, 143, 151, 157, 159, 161, 168
Drilling in embankment dams, 140, 141
Drilling machine, 161
Drilling mud, 103, 136, 190
Drilling program planning, 140
Drive samplers, 7
Dry density (dry unit weight)y,, 8, 35, 40, 273
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Dry unit weight 6eeDensity) Erodibility, 54, 194
Dumped fill, 218 Erosion, 308

Dune sands, 81 cohesionless soils, 54
Dynamic compaction, 236 cohesive soils, 54
Dynamic penetrometers, 116, 173 definition of, 54

Erosion protection, 101, 224, 229, 275
from flowing water, 229, 275
E from wave action, 229, 263, 299
from wind and rain, 224
Erosional features, 73, 185

Earth, 1, 2824ee alsdSoil) Eskers, 81
Earth damsdeeRolled earth dams Excavation, 3, 54, 196, 220, 221, 226, 288, 289, 291
Earth ManuaJ 1, 8, 58, 101, 205 factors affecting unit cost of, 54
Earth-lined canals, 224, 230, 2&k¢ alsd.inings) requirements for, 226
compacted, thick, 95, 96, 275, 281 Expansion, definition of, 33
compacted, thin, 283 Expansive clays, 41-46, 59, 230, 234, 28%(alscClay
construction control techniques, 284 (clay soil))
foundation treatment for, 276, 281 Expansive soils, 12, 35, 41, 43, 64, 2864 alscClay
gravel cover for, 278, 281 (clay soil);
materials for, 226 Exploratory holesgeeTest holep
materials, subsurface exploration for, 92 Exploratory methods, 102-141
recommended thickness for frost prevention, 283 accessible, 103-105
riprap or coarse gravel cover, 278, 281 nonaccessible, 105, 108-116
silting, description of, 274 Explosives, 104, 105, 262

stabilized soils for, 274

thin, loose earth blankets, 274

types of, 274

typical sections, 275 F
Earthquake, 19, 53, 57, 65, 67, 206, 221, 235, 240, 310

Ecological and environmental requirements, 224 Failures, 6, 33, 35, 41, 57, 221, 233, 263, 269, 274, 307
"Effective" size of soil particles, 8, 9 Feasibility stage of investigation
Elastic rebound, 230 land forms, knowledge, importance of, 77, 80, 81
Elastic silts, 286, 28%¢e alsdSilt) test hole requirements for, 86, 92
Electrical methods of geophysical exploration, 161, Field classification of soils, 24
164-166 Field control laboratories, 212, 213
Embankment, 132, 135, 164, 218-222, 252 equipment for, 213
construction, factors affecting placement of, 257 mobile type, 213
description of, 218 purpose of, 212
materials for, 226 reports, 216-218
rockfill, 262, 263 satellite, 213
test section, 252 size and type of, 213
types of, 218 test data, checking and rounding, 213, 216
Embedded instruments, 252 test data, use of, 212
End dumping, 218, 263, 293 Field density test, 92, 94, 164, 168, 252, 258, 265, 266,
Engineering properties of soil, 1-7, 10-16, 27-57, 63, 146, 282, 284, 288, 306
168, 188, 201 frequency of, for canal construction, 282
development of, 219 frequency of, for compacted earth fill, 258
dynamic, 57, 168, 169 frequency of, for highway and railroad fill
improvement of, 218-220 construction, 293
in situ load testing, prediction by, 174 location for compacted earthfill, 265
soil groups, 47, 49-53 Field investigations for feasibility stage
Engineering use chart for soils, 49, 51, 53, 95, 224 cost of, 69
Eolian deposits, 81sée alsd_oess) initial planning, 69
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Field investigations, recording, and reporting data, compaction grouting, 240, 241
183-205 jet grouting and deep soil mixing, 241, 242
logging of exploratory holes, 188-204ef also slurry walls, 235
Logging (logs) of exploration holes) types of foundation problems, 235
maps, 183-188 vibratory densification, 239, 240
Field penetration test, 94, 168, 170, 171, 173, 174, 282, vibrating probes (terraprobes) (vibrorods)
294 (vibrowing), 239, 240
Becker and standard tests, correlations between, 171 vibro-compaction/replacement (vibroflotation)
Becker penetration test (BPT), 132, 170, 171, 189 (stone columns), 239
cone penetration test, 28, 94, 168, 171, 173, 176, Foundations (investigations), 1, 15, 28, 63, 85, 86, 95,
178, 189, 295 102, 103, 108, 168, 267
piezocone, 171, 173 bearing strength, 94
standard penetration test (SPT), 23, 24, 94, 105, 146, compressibility, 33, 35, 39
168, 170, 171, 189, 227, 240, 295 cutoff, 63, 64, 69, 85, 86, 94, 95
Field permeability test, 47, 164de alsdPermeability) description of, 63
Field tests, 164, 167, 168, 170, 171, 173, 174, 176, 178, evaluation of, 63, 85
179, 182, 183, 216, 217, 305 excavation and refill, 294
compacted earthfill for rolled earth dams, summary investigation, 63, 164
of, 261 poor, 63, 86
compacted pervious earthfill for rolled earth dams, guestionable, 37
summary of, 261 satisfactory, 63, 64, 69, 77, 80, 85, 86
in-place density, 94 settlement, 64
penetration, 164, 168, 170, 171, 173, 174, 188 soils, description of, 15
reports of, 216, 217 stability of, 103
soil-cement, 305 uplift, 64, 226
Field tests for exploring foundations, 94, 95, 164 Foundations and subgrades (evaluation and control of
Field vane tests , 174 during construction) 226-242, 294-296
pocket (Torvane), 178 adequacy of, 226
Fills, 64, 97, 101, 135 bearing capacity, 225-228de alsdBBearing capacity)
types of, 218 excavation below ground water, methods of, 227
Filters, 46, 81, 96, 97, 243, 263, 282 grouting, 243, 276
blankets, 222, 243, 282 inadequate (poor), 225, 232-235, 242, 262, 273
canals and miscellaneous structures, construction of, judgment in evaluation of, 226
298 permeability, 226, 276sge alsdPermeability)
criteria, 224 piles and drilled shafts, used for, 296, 297
two-layer, 224 prewetting, 233
Fine-grained soils, 4, 10, 12, 24, 35, 54, 282, 295 rock, 292
Fines, 3, 4, 225, 239 settlement and uplift, 57, 281, 282
clayey, GC or SC, 4 solution channels, open holes, or cracks, treatment of,
definition of, 3, 10 276
influence of, 3, 4, 10, 52, 236, 262 stability, 227-230gee alsdStability)
limitation in amount of, 220 tests for evaluation of, 226, 294
silty, GM or SM, 4 unwatering of, 295
Fixed-piston type samplers, 146 water movement, damage to, 57
Flap valves, 230 Foundations for miscellaneous structures, 296, 297
Flat blade dilatometer, 28, 94 Foundations for rolled earth dams, treatment of
Flat plate dilatometer, 176, 178 abutment contacts, 243
Flood-plain or valley fill deposits, 77, 96, 97 construction control techniques, 247
Foundation Improvement Technology and Dam diversion and care of stream, 245
Rehabilitations, 235-242 earth surface, preparation of, 247
dynamic compaction, 236 embankment, 247, 251
fill loading with sand or wick drains, 235, 236 excavation and stockpiling of suitable construction
grouting and soil mixing, 240-242 materials, 250
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firm formation, preparation of, 247
shale surfaces, preparation of, 246
specifications provisions for, 245-247
stability control, 242-245
stabilizing fills, 245
toe drains, 243
type of pipe for, 245
unwatering, 243, 246

Freezing index, 230

Friant-Kern Canal, 307, 308

Friction factor, tanp, 28, 30, 49
relative density relationship for coarse-grained soils,

28

Frost action, 54, 230, 275, 282
conditions for, 230, 233
definition of, 54
factors affecting, 53
frost heave, 54, 21%¢e alscClay (clay soil),

expansive)
Frozen embankment, 250, 260
Frozen soil, 250, 260

G

Geologic (soil) profile, 86

Geologic data, 69, 187, 188, 198, 201
Geologic profile, 86

Geologic section, 68, 201, 243

Geological information, comprehensive list of sources, 69

Geologist, 69, 141, 188, 198

Gravel, 3, 4, 96, 108, 219, 224, 261, 274, 292
definition of, 3
fine, surfacing, 281
well-graded, 8
Gravel blanket, 222-224, 227, 229, 278
placement, 222
rock sizes for various thickness of for canals, 278
Gravel soil, 52, 220
definition of, 51
poorly graded, GP, definition of, 51
well graded, GW, definition of, 51
Gravel surfacing for roads and parking areas, 281
Ground water, 63, 67, 69, 135, 227, 229, 246
artesian zones, 63
contamination studies, 163
control of, 246
level, 63, 108
removal of, 227
table, 63, 65, 77, 81, 103, 104, 108, 110, 227, 229
normal, 63
perched, 63
Grout (grouting), 135, 136, 242, 243
bituminous, 243
chemical, 243
Grout curtain, 242, 243
Grouting, compaction, 240, 241, 299
Grouting, jet, 241, 242

H

Geophysical methods of subsurface exploration, 161-165 Halloysite, 6, 7, 16

favorable conditions for, 162
hazardous waste sites, 163
types of, 161, 164
usefulness of, 161
Glacial deposits, 80
Glacial deposits (glacial drift), 80, 81
Glacial till, 98
Global positioning system, 186, 188
Gradation (grain-size distribution), 3, 8-10, 96, 219
10-percent-finer-than size,,[» 8, 9
30-percent-finer-than size,,[) 8
60-percent-finer-than size,4[) 8
description of, 8
gap, 8
laboratory test procedure, 8
processing to improve, 219
riprap, 263
skip, 8, 80, 96, 142, 143
upper size limits, 10
Gradation analyses tests, 7
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Hand augers, 108, 143

Hand sampling, 142-146

Hardpan, 70, 226, 227

Hazardous waste studies, 163

Heart Butte Dam, 213

Heave, definition of, 33

Heaving, 4, 41, 54, 157, 230, 245, 296

Helical augers, 112

High compressibility, soils of, CH, MH, 4, 33

Highly organic (peaty) soils, Pt, 51

Highways and railroads, 64, 92, 97, 183, 220, 292-294
base course material, 222, 224
borrow pits, specifications provisions for, 293
control techniques, 293, 294
design features of, 292
earthwork, specifications provisions for, 292, 293
embankment, construction control of, 292-294
embankments, construction specifications provisions

for, 292, 293

State highway specifications, 293
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subgrade, preparation of, 292 riprap and rockfill, 262
subsurface explorations for, 92 soil-cement, 303-306
surfacing, base course, ballast, 92, 97, 222, 224 Instrument installation, 264, 265
Hydraulic fill, 218, 221, 222 Instrument installation for rolled earth dams, 265, 269
engineering assistance, 222 final report on earth dam instrumentation (L-16), 265
Hydraulic fracturing, 140 inspection, 265
Hydraulic gradient, 42, 46, 227, 243 instructions, 269, 270
Hydrometer analysis, 8, 213, 261 record tests, 265

Internal friction, 10, 24, 27, 28, 30, 259
Internal vibrators, 225, 280, 284, 288, 291

Ice lenses, 54, 230 J
Impervious blankets, 222, 224, 243
Impervious linings, 80 Jet grouting, 241, 242

Impervious soil, 96, 226, 231, 280

Impervious soil (materials), 95, 96, 140, 222
sources of, 77, 80, 95 L
use for, 95, 96, 132

Impervious, range of permeability, 46

In situ tests, 24 Laboratory geeField control laboratorigs
importance of, 174 Laboratory classification of soils, 49, 198
in-place tests, distiction between, 174 Laboratory testing, 1, 141, 201, 204, 269, 297
penetration tests, 23 density, definition of, 16, 53
shear strength, 28, 174 field testing, compared to, 94, 174, 175
Inadequate foundation conditions, 242, 26@¢(also logs, recorded on, 196, 198
Foundations and subgrades (evaluation and control of Laboratory testing for construction control, 15, 16, 305,
during construction) 306
common methods of treatment, 232-235 when required, 218, 219
Inclinometer, 134, 135 Lake sediments or lacustrine deposits, 80
Index properties of soils, 7-27, 46, 63 Land forms or topographic features, 77-85
Index tests, 63, 92, 202, 226 Landslides, 65, 74, 77, 86, 135, 187
use for, 7, 24, 27, 94 Laterals, 64, 218, 273, 283, 285
Indirect methods of exploration, 63 Layers of thickness, 283
geological interpretation, 63 Layers, thickness of, 220, 221, 288, 293, 298
geophysical, 63 adjusted for oversize, 220
In-place density tesséeDensityand Field density te$t Lean clay, 5, 30, 35, 51, 275
In-place moisturesgeMoisture contentw) Lifts, thickness of, 219, 262, 263
In-place permeability testséePermeability, field test for half-lift, 221
Inspection, 211, 212, 219, 220 loose, 283
final, 256 Lime, 41, 47, 57, 59, 95, 102, 205, 217, 221, 299,
report, 256 306-310
Inspection trenches, 278, 283 Limestone, 53, 165
Inspector, 212, 281, 282, 305, 306 Limiting moisture tests, 251
borrow pit, 254 Linings, 95, 96, 221-225, 274de alsdCanals, linechind
compacted earthfill, duties of, 256, 265 Earth-lined canals)
duties of, 212, 254, 282, 284, 294-296, 304-306 description, 218
embankment, 254 hard surfaced, 95
foundation, 250 materials selection, importance of, 226
miscellaneous fills, 264 Liguefaction, 19, 52, 53, 58, 81, 168, 169, 171, 206, 221,

233, 235, 236, 240, 316€e alsduicksand)
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Liquid limit, LL, 4, 10-14, 23, 35, 40, 41, 49, 281, 307
definition of, 10
Load-consolidation testing, 94de alsdOne-dimensional
consolidation test)
Load-expansion characteristics, 4&¢ alscClay (clay
soil), expansive)
Loess, 35, 37, 38, 46, 53, 81, 112, 156
characteristics of, 6, 81
Kansas and Nebraska, in, 37
Logging (logs) of exploratory holes, 104, 105, 188-201,
265, 269, 282
computerized log, 189
geologic logs of drill holes, 190-194
identification of, 189, 194, 196
information required, 189, 190
log forms, 189-201
log of test pit or auger hole, 194, 196, 198, 201
requirements, 5
rock cores, 191, 194

M

Manual tests, 3, 220
Maps, 64, 96, 183
accuracy of, 186
agricultural soil maps, 69-72
extent of, in United States, 69
base, 186, 188
contours for, 68, 185, 186
coordinate systems for, 184-187, 189
datums, 186, 187
details required for, 187
geologic maps, 68, 69, 86
areal, 69, 86
bedrock, 65, 69
structural, 65, 69
surficial, 65, 69, 86
geophysical, 65
global positioning system (GPS), 186, 188
hydrologic, 65
projections, 186, 187
river surveys, 65, 68
scale ranges of, 183
site geologic, 186-188
detailed surface geologic mapping, 188
drawings for, 187, 188
phases of, 187
preliminary surface geologic mapping, 188
requirements for, 187
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site-specific, 184-186
sources of information, 64-72, 77, 96
strip, 68
topographic maps, 65, 68, 77
coverage, 68, 185
index to, for States, 73
scales, 65, 68, 183
Mass, definition of, 7
Materials (soils) investigation, 63, 64, 108
Materials of specific properties, 100, 299
exploration for, 95-101, 301
sources, economics of, 95
Mats, 33
Maximum dry density, 16, 35, 49, 51, 257, 269, 273, 283,
293, 297, 298, 308
Mechanical tamping, 257, 266, 284
Menard pressuremeter, 28
Mica, 6, 70, 72
Microwave oven, 303
Mineralogy, 5
Miscellaneous fills in dam embankments, 264
record tests for, 265
Miscellaneous structures, 294-299
foundation excavation, specifications provisions for,
294-296
foundations, checking properties of, 294, 295
pile and drilled shaft foundations for, 296, 297
Mixing, 218
Mixing machines, 308
Modified soil, 92, 101, 102, 218, 224e alsdStabilized
soils)
inspection of, 221
Modulus values, 28, 94, 165
deformation, 174, 182
shear, 57, 164, 174
Mohr strength envelope, 49
Moisture contentw, 3, 4, 6, 8, 10-24, 27, 30, 33, 35, 52,
63, 102, 170, 219, 221, 256, 258, 273, 283, 305, 308
descriptive terms, 10, 15
gravel,w,, 16
in place, 63, 85, 103
Moisture control, 20, 23, 24, 27, 33, 80, 218, 219, 254,
256, 269, 273, 284
costs of, 54
nuclear devices, use of, 256
Moisture Teller device, 303
Monthly reports, 216
Montmorillonite (bentonite), 5, 33, 41, 95, 103, 123, 136,
141, 159, 235, 243, 274
Morainal deposits, 80
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N

Natural water content
moisture tests, 94
Needle-density test, 23
Nonplastic fines, 4d9ee alsdilt)
Normal stressg, 28, 30, 175
Normally consolidated, definition of, 35
Nuclear devices for determining moisture content, 167
Number of passes, 219, 220, 251, 257, 262, 301, 304

O

One-dimensional consolidation test, 41
Open-end push tube sampling, 94
Optimum moisture contenty,, 16-19, 23, 33, 35, 49, 53,
80, 102, 219, 250, 254, 261, 269, 273, 283, 308
Organic clay, OL, 51
Organic material, 1, 85, 102, 226, 286, 288, 291
Organic matter, 4, 16, 53, 102, 218, 232, 282
Organic silt, OL, 51
Osterberg-type sampler, 147
Outcrops, 185, 187
Outwash fans, 81
Ovendrying, 16, 305
effects of, 16
temperature, 16
Overburden, 92, 100, 103, 110, 112, 127, 135, 245
Overconsolidated, definition of, 35
Oversize, 9, 53, 96, 102, 112, 142, 194, 196, 219, 220,
250, 256, 258, 261, 262, 266, 268, 283, 301
Oversize materials, 142, 194, 196, 220, 250, 258, 268,
301
removal of, 283, 301
special embedding of, 266, 268

P

Palisades Dam, 213
Parking areas, 281
Particle shape, 97
diameter,D, 8, 9
rounded, subrounded, subangular, and angular, 97
PCEARTH, 267, 270, 283
Peat, 51, 218, 232, 286, 288, 289
Pedological system of soil classification, 69, 70, 72
description of, 69, 70, 72
divisions of, 69
example of, 70, 72
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limitations and value for engineering purposes, 72
soil series of, 69

soil type, 70

textural classification of "A" horizon, 69, 70

Penetration resistance, 20, 23-26, 132, 157, 190, 191, 295

field, 168, 170
needle curves, examples of, 20, 23
Percentage and decimal use, 8
Percolation, 42, 190, 191
control of, 42
Periodic progress (L-29) reports, 266, 267
Permeability, 10, 27, 30, 33, 41-49, 52, 53, 64, 69, 81,
86, 94, 96, 97, 101, 138, 220, 222, 226, 259, 264
coefficient of, determining, 47
control of, 46, 47
definition of, 41
effect of gravel, 46
field test for, 94, 164
horizontal, 46
in embankments, 46, 47
laboratory test for, 41
ranges of, 42, 47
sand-gravel mixtures, 46
through foundations, 46
vertical, 46
Permeable soils, compaction of, 220
Pervious blankets under concrete structures, 824 élso
Sand and gravel (mixtures) (soils), blankets)
Pervious materials
construction control of, 297
sources of, 81, 95-97
Pervious soils, range of permeability of, 46
Piers, 33, 86, 101, 230, 232
Piezocone, 171, 173
Piezometers, 265
installation of, 135
Piles, 33, 230, 232, 233, 296, 297
driving tests, 94
jetting systems for, 296
loading tests, 63, 94, 296
specifications provision for, 296
Pipe bedding, 102, 287, 288
soil-cement, 289, 291, 292
Pipe trenchessgePipelined
Pipelines, 85, 86, 102, 225, 285, 286, 288, 289, 294
alternate types of pipe, 285
backfill materials and placement requirements for,
285, 288, 291
design features, 285
excavation for, 285, 288, 289, 291
safety requirements, 289
soil-cement bedding for, 289, 291, 292
construction control, 291
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materials for, 291
unconfined compressive strength limits, 292
specifications provisions for, 285-288
trenches, 285, 288, 289, 291, 292
uncompacted bedding requirements, 285, 287-289
Piping, 46, 96, 219, 231, 283, 295
control of, 57, 235, 245, 258
Piston-type (drive) sampling, 94, 103
Pitcher sampler, 153
Plastic fines, 4, 102, 29%de alscClay (clay soil))
Plastic limit, PL, 4, 10-13, 35, 41, 307
definition of, 12
Plasticity, 3, 10, 11
chart, 12, 13

Q

Quarrying, 97, 262
Quartz, 70, 81
Quicksand, 52dee alsd.iquefaction)

R

Railroads, 72, 183, 187, 292
Rapid compaction control method, 23, 220, 267, 293
Rebound, 33, 35, 41, 230

index, PI, 4, 12-14, 41, 230, 234, 275, 281, 295, 307 Reclamation Instructions, 206

needle (Proctor), 20

Reconnaissance design, 80

Plasticity index, PI, 4, 12-14, 41, 230, 275, 281, 295, 307 Reconnaissance stage of investigation, 72, 77, 80, 202

Plowing, 221
Pneumatic rollers, 222, 225
Point-load strength test, 178
consistency determined by field vane tests, 181
Pore fluids, 28, 49
freezing of, 54

Pore pressure, 33, 52, 171, 173, 176, 221, 236, 239, 240,

250, 269
buildup in cohesive soils, 269
construction, 57, 251, 259, 264, 269
Pore-air pressure, 29, 30
Pore-water pressure, 28-31
Porosity,n, 12-14, 194
Porosity, n, 8, 12, 13
definition of, 8, 12-14
Portable direct shear rock testing device, 181, 182
Post hole augers, 108
Power auger drills, 143
Powerplants, 232, 294
Preliminary investigations, 187, 188, 219
objectives of, 219
Pressure pipe, 285
Pressure relief wells, 46
Pressure-compression characteristics, 35-42
unsaturated deposits, in, 35
Pressure-expansion characteristics, 35, 41, 43-45, 47
Pressuremeter testing, 174, 175
purpose of, 174
rock, 174
Prewetting, 230, 233
Proctor compaction test, 16-18, 20
Proctor needle-moisture test, 20, 23
Puddled fill, 221, 222
Pugmill, 101, 301, 302
Pump sumps, 235
Pumping plants, 86sée alsdMiscellaneous structures)
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land forms, knowledge, importance of, 77
surface exploration, 77-81, 85
Record tests, 265, 304
Refill, foundation, 294
Relative density, 19, 20, 23, 24, 28, 41, 51, 198, 222,
224, 267, 288
effects on friction factor, 28
examples of, 20
field penetration relationships for sand, 168
maximum, 16, 19-22
minimum, 15, 19-22
Relative density tests, 222, 267, 284, 288, 295
frequency for compacted pervious fill, 261
materials applicable for, 289, 294, 295
Relative firmness, 289
Relief wells, 46, 234, 243, 245
Remote sensing, 72-77
aerial photographs, 73, 74
applications to geotechnical engineering and geology,
76
availability of imagery, 76
definition of, 72
mission planning, 76
multispectral scanner imagery, 75
nonphotographic, 72
radar imagery, 76
resolution, 72
thermal infrared imagery, 74
Reports for construction control, 265-269
canals, 268
earth dam instrumentation, 269, 282
final construction, 217, 218
final embankment construction, 267-269
inspectors' daily, 216, 265
monthly administrative, 216
rolled earth dams, 266, 267
summary construction progress (L29), 217, 267
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summary of earthwork construction data, 267
transmittal of, 269
types required, 216
Reports of investigations, 202-204
construction materials, 203, 204
contents of, 203
final, 203
foundations and earthwork, 203
grouting test holes, 103
progress, 203
reconnaissance stage, 202
specifications stage, 103
Required excavations, 64, 226
materials, sources of, 64
Reservoir floor, 242
Reservoir sites, subsurface exploration for, &&(also
Subsurface exploration, damsites)
Reservoirs, 95, 96, 222, 224, 233
protective covers, materials for, 96, 101
water loss from, 86
Residences, 294
Residual soils, 53, 77, 81, 85
field test sections, 85
special laboratory tests, 85
Retaining walls, 297, 299
Rigid structures, 35, 140, 218, 226, 227, 230, 233
Riprap, 15, 95, 97-101, 219, 222, 263-269, 278
blast test for, 98
competitive sources for, 100
fragments, size of, 98
gradation of, 263
investigative procedures for, 101
laboratory tests for, 98, 101
other sources of, 98-101
placing of, 262, 263
quarrying and blasting for, 263, 292
requirements for, 223
rock sizes for various thicknesses of, for canals, 268,
275, 278
satisfactory materials for, 97
specified sizes, 281
subsurface exploration for, 92, 110

Roads, 4, 64, 66, 68, 72, 85, 86, 184, 218, 222, 224, 232,

274, 281, 288, 292, 299¢e alsdHighways and
railroads)
Rock, 4, 95, 125, 156, 222, 262
crushed, 5
sound, in embankments, 262, 263
uniaxial and radial jacking tests in, 182, 183
unsound, in embankments, 263
Rock (firm) foundation surfaces, preparation of, 247, 281
Rock blanket, 227
Rock core drilling, 136-140
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conventional and wireline core drills, 138-140
core diameters, 136
logging cores, 191, 194
shot or calyx drills, 140
Rock fines, 97, 222, 223
Rock foundation, 64, 246, 262, 265, 281
Rock fragments, 78, 80, 95, 97, 98, 101, 103, 108, 138,
204, 223, 247, 250, 261, 266, 292, 293
grading for, 223
requirements for, 223
Rock rippability, 164
Rock slopes, stability of, 181, 182
Rock sources
investigative procedures for, 101
requirements for, 95, 97, 98
Rockfill, 15, 97, 101, 132, 219, 222, 262, 263
advantages of, 262
placing of, 262, 263
specifications, 262
uses of, 262
Rockfill (rock) blankets, 101, 223, 224, 227, 229
construction of, 223, 224
Rocky Mountains, 80
Rolled earth dams, 86, 92, 96-98, 219, 220, 242-273
abutments for, 86, 105
compacted earthfill forsgeCompacted earthfill for
rolled earth dan)s
concrete cutoff walls, 243
control criteria for embankment, 269, 273
cutoff trench, 246
downstream drainage blankets, 96, 97, 224
downstream slopes, protection of, 223, 224
drilling procedures, 140, 141
foundation, pervious, treatment for, 51, 218, 219,
243, 252, 258
foundation treatmensgeFoundations for rolled earth
dams treatment of)
instrument installationss€elnstrument installation for
rolled earth danms
materials investigation for, 98, 226
grid system for, 86
miscellaneous fills for, 264
riprap for 6eeRiprap
rockfill for (seeRockfill)
subsurface investigation for, 86eg alsdSubsurface
exploration, damsites)
upstream slopes, protection of, 97, 101, 223, 264, 299

Rolled earthfill, 218-220, 250

compactive effort for, 219

construction of, 219, 220, 251
inspection g¢eelnspectionand Inspector)
variables affecting, 227

moisture content for, 219
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Rolled embankment, 246, 247, 258, 265 medium to hard soils and shales, 153, 156
Roller data, reporting of, 267 purpose of, 94, 141, 201
Rotary drilling, 105 representative, 94, 142, 201
Rotary drilling methods, 116-140 riprap, 202
churn/cable tool drills, 136 saturated cohesionless, 146, 149
Diamond Core Drill Manufacturers Association selection of, 92, 94
(DCDMA), 117 shipping, 143, 144, 146
dimensional standards, 117-123 soft to moderately firm cohesive, 149, 151-153
Rotary drills, 123-135 soil-cement, 302, 305, 306
definition of, 123 compression test specimens, 306
drill hole logs, 190-194 undisturbed, 16, 23, 49, 63, 80, 94, 103, 105, 108,
drive hammers, 123 127, 144-146, 149, 151, 153, 156, 157, 174, 201,
fluted Kelly, 129, 130 227, 265, 282, 284, 288, 293-295
Kelly rods, 129 importance of, 28
uses of, 129 requirements for, 201
hollow-spindle, 127-129 unsaturated water sensitive, 156, 157
advantages of, 127 visual examination of, 92, 102, 142, 158, 201
borehole sizes, 129 Sampling for construction control, 212, 302, 303, 305, 306
uses of, 127 Sampling of dam embankments, 141
horizontal rotary, 134, 135 Sampling of rock, 157, 176
borehole sizes, 135 accuracy and dependability of data, 159
reverse-circulation (rotary and percussion), 129, 131, core boxes, 161
132, 143 double-tube core barrel, 157, 158
advantages of, 132 large diameter core barrel, 157, 158
Becker drill, 132 point-load strength test, 178, 181
borehole sizes, 129 rock pressuremeter (dilatometer), 174
rotary-table, 125 single-tube core barrel, 157
top-head drive, 125, 127 triple-tube core barrel, 158, 159
top-head drive with percussion casing hammer, Sampling of soil, 294, 295
132-134 Sampling test holes, 103
borehole sizes, 127 Sampling, during subsurface exploration, 201, 202
types of, 125 Sand, 41, 46, 51, 96, 146, 174, 178, 28%e(alsdSilt or
Rounding of test data, 216 sand)
clean, 168, 173
limits for, 10
S poorly graded clean, SP, 8
properties of, 52, 168, 169
well-graded clean, SW, 8
Safety (safety requirements), 47, 104, 105, 212, 227 with silty fines, SM, 261
Safety and Health Regulations for Construction, 212 Sand and gravel (mixtures) (soils), 77, 95, 110, 116, 220,
Sampling (samples) of soil, 10, 63, 102-183, 191, 201, 224-226, 258, 275, 281, 284, 299
202, 302, 305-307 blankets, 222-224, 242, 245, 258
casing advancer, 157 compaction of, 220, 224
cohesionless sands, 108 filter, 281
contamination of, 103, 143 investigating using bucket augers, 116
continuous, 151 natural deposits of, 224, 226
disturbed, 63, 94, 108, 110, 127, 142-144, 168 permeability, effect of gravel and density, 46
shipping, 143, 144 under riprap, 222
size of, 201, 202 uses for, 95, 239
for laboratory testing, 102, 103, 141, 143, 144, 156, Sand dunes, 233
174 Sandbars, 233
hand sampling methods, 142-146 Sandstone, 5, 53, 80

mechanical sampling methods, 143, 144, 146-157, 168satellite imagery, 66, 76
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Satellites, 186

Saturation collapse, 33

Scarifying or loosening, 33, 257, 288

Sealing wax, 146

Sedimentary rocks, processes, 77

Sedimentation, 77, 8&¢e alsdGradation)

Seeding, 217, 225

Seepage, 52, 74, 77, 81, 85, 96, 227, 273, 274, 281
control of, 235, 241, 247, 273, 283
losses in canals, 164, 273, 282
water, 219, 245, 247, 258

Shrinkage of soil, 5, 33
definition of, 33

Shrinking, 95, 224

Sieving, 16, 213

Silt, 3, 4 6ee alsdSilt or sand)
characteristics of, 53
loose, ML, 35

Silt or sand, 261, 291
foundations of, 282

Sinkholes, 231

Slag, 5

Seismic methods of geophysical exploration, 161, 164, 165Sliding resistance, 30

Seismic problems for dams, 236, 240, 241
Selected fill, 218, 219
Selected impervious fill, 218
Selected material, 221, 222
Selected sand and gravel fill, 218, 219
Selective excavation, 102, 218, 301
Semipervious fill, 261, 262
Semipervious soils, permeability range of, 46
Separation plant, 250
Settlement, 5, 64, 173, 174, 225-227, 230, 240, 241, 250,
251, 264, 269, 276, 294, 295
differential, 269, 295
settlement-plate monitoring systems, 135, 136
Shale, 5, 30, 41, 53, 80, 101, 146, 153, 158, 166, 198,
223, 227, 230, 246, 262, 263, 286, 295
Shear planes, localized, 269
Shear strength, 27, 28, 30, 49, 173, 174
apparent, 30, 41
borehole shear testing, 175, 176
definition of, 27, 28
direct measurement of, 28, 3§e¢ alsd-ield vane
tests)
direct shear, 28
flat plate dilatometer, measured with, 176
in situ, 28, 174
indirect measurement of, 38¢e alsd~ield
penetration test)
in place, 28
pocket vane shear test, 178
residual, 30, 32
rock slopes, of, 181, 182
soil groups, of, 52

triaxial, 28, 29
Shear testing, 28, 30, 58, 174-178, 182e(alsolriaxial
shear)

Shear tests, 41, 49, 50, 59, 63, 182, 191, 206, 227, 275
(see alsorriaxial shear)
Sheepsfoot rollerseeTamping roller¥
Shipping samples, 143, 144, 146
Shrinkage limit, SL, 10, 12, 295
definition of, 12
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Slope protection, 97, 98, 101, 223, 263, 275, 299
alternate methods, 95, 101

downstream of dam embankments, 98, 101, 223, 224

downstream of stilling basins, 223
Slopes ¢eeCut slopep
Slopewash deposits, 97
Sluiced fill, 221, 2224ee alsdHydraulic fill)
construction of, 222
inspection of, 222
Slurry walls, 235
Soil
blending (mixing) two soils, 53
chemical composition of, 69, 70
classification, 47, 63, 95, 143
components, 3, 5, 6
compressibility, 10, 33-35
elastic silt, MH, 49
identification of, 24
mixing, deep, 241, 242
moisture, 7, 10, 11, 15
mortar, 20
physical properties of, 14-16, 20
upper size limits for various applications, 10
Soil classification systems, 85
pedological $§eePedological system of soll
classification

textural 6eePedological system of soil classificatjon

unified (seeUnified Soil Classification System
Soil consistency, 11, 12, 24, 235, 295
degree of, 10, 12
relative, C,, 12
states (stages) of, 10
tests, 168
Soil group, 1, 3, 194
great groups on agricultural soil maps, 69
properties of, 12, 47, 49-53
Soil mechanics, 12, 28, 58, 59, 205, 310
Soil profile, 70, 72, 86
Soil properties, 14-16, 20, 53, 69, 77, 85, 110
changes in, 53

delineation of with continuous-flight augers, 110
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Soil stratum, description of, 63, 94, 110
Soil Survey Manual, 72, 204
Soil-cement, 95, 98, 101, 102, 159, 267, 289, 291, 292,
302 6ee alsdStabilized soilsand Modified soil)
materials for, 101, 102
slurry, 102
testing required, 102
Soil-cement bedding for pipelines, 289, 291, 292
construction control, 291
materials for, 291
Soil-cement slurry, 102
Soils (materials) investigation, 108
objectives, 63
purpose of, 63, 102, 108, 141, 142
Solid state, 3, 12
Soluble solids (salts), 16, 24, 27, 46, 53, 64, 69
effect on concrete and earth structures, 27
Special compaction, 222, 225, 247, 251, 28 (also
Backfill and Rolled earthfill)
Special processing, 76, 95, 97, 219
Specific gravity,G,, 8, 13-15
apparent, 13, 14, 20
bulk specific gravity, 14, 15, 20
use of, 13, 15
Specifications, 211, 212, 225, 262, 299
definite requirement type of, 212
performance type of, 211
procedures type of, 211
requirements, 212, 219
Specifications stage of investigation, 92, 94
exploration requirements, 86, 108
field tests for, 94
selection of samples, 92
test hole, requirements for, 86
Spillway apron slabs, 230
Spoil piles éeeTalus and spoil pil§s
Spread footings, 33
Spreader, 264, 301
Stability, 101, 181, 219, 277
cut slopes, ofgeeCut slopey
foundations, of, 227, 229, 230
pervious saturated sands, of, 52
Stabilized soils, 92, 101, 102, 299, 301-309
compacted soil-cement, 299, 306
description of, 101
materials for, 101, 102
testing, 102
uses of, 101, 299
Standard penetration test, 23, 24, 28, 146, 170, 171, 189,
295
State highway specifications, 293
Statistical analysis, 269
Stilling basins, riprap for, 100, 101
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Stockpiling, 96, 102, 143, 225, 250, 259, 277, 302
Stratification of soils in place, 80, 85

Stream deposits, 98

Strength of soil, 49-54, 5&¢e alscShear strength)

Stripping, 217, 224, 226, 232, 243, 247, 267, 268, 276,

282
Structure foundations, 63, 64, 201
classes of, 63, 64
on rock, 64, 201

SubgradessgeFoundations and subgrades (evaluation and

control of during corieuction))
Subgrades, heaving of, 54
Sublaterals, 273
Subsidence, 59, 230
SubstationsgeeMiscellaneous structurgs
Subsurface exploration, 72, 85-95, 108, 127
damsites, 86, 92, 164
geologic features, 86
geophysical techniques of, 161
line structures, 86
point structures, 86
purpose for, 72, 85, 108, 127
borehole sizes, 127
Subsurface sections, 201
reports, use in, 201
Surface sodding, 229
Surface vibrators, 222, 225, 280, 288
Swell, 33, 41, 92, 96, 167, 198, 274
definition of, 33
Swelling, 5
Swelling soils, 33, 53
embankments of, 33
Switchyards, 224

T

Talus and spoil piles, 86, 97, 98
Tamping rollers, 225, 267, 280, 297
curves for, 253
form for recording data on, 266, 267
Terms and units of measure, 7, 8
Terrace deposits, 77, 96
Test holes, 85, 86, 92, 94, 103, 108, 282, 283, 294
borehole shear testing, 175, 176
depths of, 86, 103, 105
designation of, 189
foundation, for, 103
location of, 85, 86, 92
log of (seeLogging (logs) of exploration holgs
number required, 86
order of, 143
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outlet works and spillway structures, for, 86 agricultural soil maps of, 69, 70, 72
protection of, 103 U.S. Forest Service, 64
sizes of, 103 U.S. Geological Survey (USGS), 64-68, 73, 108, 185
spacing of, 86 access to data bases, 67
support of, 103, 108 bulletins of, 66
tunnels, for, 92 products, 65
use of, 103 guadrangle maps, 68
Test pits, 103-105, 142, 143, 167, 258 remote sensing products, 66, 67
depth of, 104 software, 66
hand-dug, 104 technical reports of, 65
pumping system for, 104 U.S. Natural Resources Conservation Service, 64
safety, 104 Unconfined compressive strength, 23, 24, 292, 307
Test sections of earthfill material, 252 Underdrains, 230, 234
Test sections of residual soils, 85 Uniaxial and radial jacking tests in rock, 182, 183
Testing, construction control, 15, 20, 258, 265, 302, 305 Unified Soil Classification System, 1, 3, 4, 7, 47, 58, 70,
modified soil, for, 221 81, 95, 191, 198, 203€e alsdsoil, classification)
soil-cement, for, 302, 305 basis of, 3
Tests on soils, 92, 94 Unit weight
purpose of, 92 compacted-fill, 20, 23
Textural classification of soilséePedological system of definition of, 8
soil classificatioh dry, y4 19-22
Thinwall push samplers, 149, 151 dry, Ysmax iN densest state, 20-22
Topsoil, 70, 198, 222, 224, 225, 232, 234, 243, 246 dry, Ygmne in loosest state, 20-22
Topsoil blanket or zones, 224, 225 laboratory maximum, 19, 20
construction and inspection requirements, 225 theoretical,y,, 20
material sources, 224 wet, Yyer 19
Total material, determination of consistency, 10 Units of measure, 7, 8
Tractors, 222, 225, 261, 288, 297, 301 Unlined waterway, 232
Transmission lines, 184, 232 Uplift, 41, 64, 97, 234, 282
Transmission towers, 86 expansive soils, cause of, 230
subsurface exploration fos€¢eSubsurface hydrostatic, 282, 286
exploration point structures) pressure, 41

Trench, 142, 283, 292, 295
pipe, 285, 288, 289, 291, 29%¢ alscPipelines)
Trenches, 92, 96, 103-105, 108, 140, 142-144, 187-189, V
194, 198, 201, 204, 218, 235, 242, 243, 246, 247, 278,
282, 283, 288, 289, 292, 295

Triaxial shear, 28-30, 49 Vane feeder, 302
test, example of, 28 Vane testgeeField vane tests)
Trinity Dam, 213, 265 Vibratory densification, 239, 240
Truck-dumped fill, 218 influence of, 239
Tunnels, 92, 103-105, 135, 142, 161, 179, 194, 267 Vibratory rollers, 222, 225, 260, 262
test holes for, 92 Vibratory-compacted embankment, 218, 220, 222

construction, inspection of, 220
Visual examination for identification of soils, e also
Soil, classification)
U Void ratio, e, 8, 12, 13, 35, 41, 42, 263
definition of, 12, 14

U.S. Agricultural Stabilization and Conservation Service, densest states;,, 14, 19
64 loosest stateg, ., 19

U.S. Coast and Geodetic Survey, 185 volume of voids,)V,, 13

U.S. Department of Agriculture, 64, 67, 69 Volume change, 30, 33-41

Aerial Photography Field Office, 64
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W Well points, 110, 227, 246, 295
Well-graded sands and gravels, 4
Wick drains, 235, 236

Wall stabilizer, 103, 123 Wireline drilling, 123, 128, 138, 151
WarehousessgeeMiscellaneous structurks casing advancer, 157

Waste banks, 274, 277 _ continuous cores, required for, 127
Water loss from reservoirs, 86 core barrel systems for rock coring, 159
Water table, 24, 46, 52, 63, 65, 77, 81, 103, 104, 108, drill rod sizes, 120

110, 112, 116, 143, 146, 151, 153, 157, 164, 165, 194, Workability of materials, 27, 41, 52-54, 64, 92
220, 226, 227, 234, 245, 295

Water testing, in test holes, 103

Water volumeV,,, 54

Water-cement ratio, 291 Z

Wave erosion, 97, 98, 219, 229, 263, 299

Wearing surface, 219, 281 Zoned embankments, 243

Weathering, 63, 70, 78, 80, 81, 97, 194, 262 Zoning, 33, 46, 57

Weight, definition of, 7
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